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Abstract
Tensegrities are pin-jointed frameworks consisting of discontinuous compressive struts held within a
tensioned cable net. Existing in a state of self-equilibrium, tensegrity structures can be found in varying states of rigidity dependent on the initial pretension existing within the cables. The current state of
tensegrity understanding appears comprehensive, and yet, tensegrities appear to be relegated to a class of
architectural sculpture, due to the complexity associated with understanding their behaviour. This complexity is often attributed to the lack of application for tensegrity structures within the built environment.
For this reason, this thesis aims to examine the effect of compressive loading on tensegrities, and how
different pretensions, geometries and materials aid in resisting this applied loading.
A review was conducted to determine a current understanding of load bearing tensegrity structures.
Through conducting this review, it was found that stiffness and load bearing capacity directly correlate with
the level of applied pretension. A computer model was developed using Rhinoceros 3D and Grasshopper
(in conjunction with K2Engineering analysis software) to confirm this result. Iterative form-finding was
utilised to determine resultant geometry (dependant on initial pretensions and applied loads), which was
subsequently used to obtain axial loads within each member of the tensegrity.
Boundary conditions were integrated to obtain realistic behavioural responses of compressively loaded
3-bar tensegrity structures. This model was then validated against published experimental results and
analytical methods, before being optimised via genetic algorithms. A maximum compressive load that the
tensegrity could withstand was determined using optimal pretensile loads in the horizontal and vertical
cables.
The optimised tensegrity model was utilised to determine load-deflection trends in tensegrities of differing aspect ratios, scale, and material composition, to examine how these factors affect load response. The
predicted behaviour was then confirmed through testing of four physical tensegrity structures, comprised
of the same geometry and materials examined via computer simulation.
Both computer simulations and experimental testing confirmed that pretensioning is beneficial for
structures comprising of more flexible cables, though also revealed that pretensioning inhibits load response
in tensegrities with stiffer cable materials (such as steel). The flexible cable tensegrities investigated were
found to have an optimal range of aspect ratios (AR0.8 to AR1.4) within which a maximum load (3kN)
could be withstood. However, the stiff cable tensegrities investigated were found to have a single aspect
ratio (AR2.3) where a maximum compressive load (17.8kN) could be resisted.

Behaviour of tensegrities under compressive loads have been found to be predictable through comparison of experimental and simulated results. The computer model was found to be a useful tool in the
design of load bearing tensegrity structures. For a given set of boundary conditions, the computer model
enables rapid optimisation of tensegrities to maximise compressive load capacity. Given these findings,
tensegrities are not only suited to being architectural sculptures, but can be designed and optimised for
use as compressive structural elements in the built environment.
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Chapter 1

Introduction
The concept of tensegrity (or ‘tensile integrity’) was first introduced in the 1940’s, consisting of a series
of interconnected tension and compression members, creating a structure in a state of self-equilibrium.
The discontinuous nature of tensegrities gives the appearance of elements floating in mid-air, giving rise
to the term “floating compression” (Heartney, 2013). This ‘floating’ appearance has inspired architects
and engineers to further develop these structures, with installations now being seen worldwide.

Figure 1.1: Example tensegrity sculpture (Buxaum, 2014)

While new and exciting structures have been seen to sporadically appear, the nature of these structures
is more artistic than practical (Figure 1.1). While there exist structural applications (e.g. Kurilpa Bridge,
White Rhino), these make up but a small portion of tensegrity-based installations. The reason for this lack
of application stems from the lack of fundamental structural knowledge surrounding tensegrities. Kim and
Park (2018) state “. . . their industrial use has not yet been fully developed.” While there is substantial
evidence supporting further research into applications of tensegrity structures, there lacks evidence of
a fundamental understanding for analysis and design. While there does exist an understanding about
determining self-stable equilibrium geometry, additional knowledge surrounding internal load reactions
and dynamic response is limited, especially in non-idealised situations (i.e. real-world applications).
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An understanding exists for specific cases of tensegrity, where geometry and material properties are
fixed. These insights are beneficial, but the learnings are not always transferable, meaning that if small
details are changed (e.g. load increase, structure is scaled up or materials change), the structural response
is unknown. To better understand the behaviour of tensegrity structures, the response to these changes
need to be known, especially in a generalised, realistic sense.
The purpose of this thesis is to investigate the behaviour of tensegrity structures, specifically relating
to their structural response when loaded, to determine their applicability for use as engineered structures.
This will be accomplished through both computer simulations and laboratory testing. Computer models
will be constructed and validated against existing results, so that a better (generalised) understanding
of tensegrity structures can be investigated. Laboratory testing will further this through examining the
behaviours of different materials, the realistic load response of compressed tensegrities, and comparison to
simulated results. The information obtained can then be used to design tensegrities capable of supporting
target loads with an acceptable performance.

1.1

Background

While tensegrities were initially created in the 1940’s, it has not been until more recent years that researchers have investigated their potential structural applications. This is due to the apparent efficiency
associated with tensegrity structures. The lightweight, non-orthogonal layout of tensegrity allows for a
more efficient method of resisting load (Skelton et al, 2001), creating a structure with a higher strengthto-mass ratio than conventional structures.
The key to this high strength-to-mass ratio involves the internal pretensioning within the tensegrity,
taking the structure from a point of self-equilibrium into a stiffer, load bearing state. While being described
as being of “monumental” importance (Skelton et al, 2001) to structural stiffness, the effects of differing
internal pretensioning are unknown. Gilewski and Al Sabouni-Zawadzka (2014) have shown that linearly
increasing all cable pretensions dramatically increase structural stiffness, though there is no investigated
limitation to pretension based upon material properties.
Examinations of differing pretensions and their effects on structural responses have previously been
conducted on a limited basis (Amendola et al, 2014), with specific materials. These results support the
findings of Gilewski and Al Sabouni-Zawadzka (2014), indicating a positive correlation between structural
stiffness and pretensioning, however do not examine the full extent of the structures capabilities under
differing pretension cases. Amendola et al (2014) also examine the effects of differing geometry with
different pretensions, however the examination of geometries is also far from comprehensive as only two
different geometries are studied.
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While a thorough examination of both geometric and pretensile properties is desirable, the number
of possible combinations alone renders a thorough analysis futile. However, a single ‘best’ value may be
determined through the implementation of structural optimisation. Through applying an optimisation
algorithm to differing tensegrity geometries, an optimal pretensioning may be determined such that for
a specified set of geometric parameters, a tensegrity may be designed so as to ‘best’ resist an applied
load. Repeating this test with differing geometries will yield overall behavioural trends which may assist
in better understanding the structural behaviour of tensegrity structures.

1.2

Aim and Objectives

The key aim of this thesis is to investigate the structural performance of tensegrities, specifically focusing
in their ability to resist compressive loads. Through the application of optimisation algorithms (specifically
genetic algorithms), pretensile loads and geometry will be investigated to not only to determine the general
behaviour of loaded tensegrities, but to determine if an optimal geometric form exists to create the optimal
load bearing tensegrity structure. In addition, the materials used will be examined to determine how cables
of a flexible or stiffer nature affect the overall rigidity of the structure. This is being undertaken to further
investigate the potential for tensegrities to be used not only as architectural elements, but also as load
bearing structures within the built environment.
This task will be achieved through breaking the ultimate goal down into smaller objectives which will
step towards the completed aim. Each of these objectives is listed, with a summary of the work required
to complete each of these objectives.
1. Complete a comprehensive literature review
The first major objective required to complete the aim is breaking down existing literature to obtain a
greater understanding of the information which currently exists surrounding tensegrities. This literature
review should examine the history of tensegrity structures, give definitions, limitations and potential
applications of the structure.
While an exploration into tensegrities may be undertaken through this literature review, ultimately
the information returned should assist with further analysis. Ideally, this will yield realistic boundary
conditions for tensegrity structures, a method of analysing the structure (either analytically or through
computer simulation), existing data against which validations can be made, and any other information
which may assist in understanding tensegrity behaviour.
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2. Create and verify a computer model which can accurately simulate a loaded tensegrity
While an analytical model is ideal for completing a structural analysis, the boundary conditions make
this very complex for tensegrity structures. For this reason, a computer model is implemented which
is capable of incorporating these bounds. Based off findings from the literature review, an appropriate
software capable of simulating tensegrity behaviour will be identified.
Based off the requirements for this thesis, this software will need to be capable of accurately performing
dynamic structural analysis and optimisation, which will ideally be verified. A tensegrity model will then
be constructed within the software and validated against existing results identified during the literature
review. Once this is complete, further results obtained from the model can be considered reliable.
3. Determine the behaviour of an optimised tensegrity structure and investigate if this
behaviour is universal across all tensegrity structures
Using the computer model, simulations will be run using differing geometric properties to investigate
how geometry affects the overall load response, and to determine if an optimal shape exists. This will also
establish if there exists a single, limiting criteria which may be exploited to improve structural performance.
For these tests, certain geometric parameters will remain unchanged across all tests to ensure some form
of consistency, allowing for comparison between results.
These tests will be repeated with differing materials (and at different scales) to determine the universality (or lack thereof) of this behaviour. These results will be determined through optimisation, with the
‘best’ result being recorded for a specific geometry. When examining many different geometries, a general
trend will be established from the results.
4. Use the information collected to design and test a tensegrity structure, determining if it
behaves as anticipated
Based off the trends established through the structural optimisation, design equations can be established
to determine structural behaviour at specified geometries. These design equations can then be utilised to
construct several tensegrities of differing material compositions and geometries. The results obtained from
testing can then be compared against the computer model to determine the reliability of the design.
Through completing these four objectives, a generalised understanding can be established about the
behaviour of compressively loaded tensegrity structures. Through conducting the literature review (Chapter 2), several research questions are identified based on gaps found in existing literature. Though these
research questions are identified through conducting a literature review (and subsequently are explored
in more detail in Chapter 2), they are also included below due to the relation that they have to the four
overarching objectives of this work. The research questions identified are as follows:
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• How does tensegrity geometry (both aspect ratio and scale) affect the response when loading, and
can this geometry be manipulated?
• How does loading affect a tensegrity geometry, and to what extent does pretensioning combat this?
• What is the load capacity of tensegrity structures, and do different design parameters affect this
value?
• Can tensegrity structures be designed to withstand specified loads or remain bounded by specified
deflection parameters?
• Is computer modelling a better method of predicting tensegrity behaviour than existing approaches?
• In what ways can computer modelling assist with the design and analysis of tensegrity structures?
Due to the scope of this thesis being so large, limitations are placed on the research so that everything
may be completed. Firstly, only compressive loading will be investigated. This is partially due to the
definition of tensegrity used (further described in Chapter 2). Additionally, there is no possible way to
investigate the behaviour of all materials and their differing effects on structural response. For this reason,
three primary materials will be investigated. One of these has already been established in literature
(Amendola et al, 2014) (Shimano PowerPro Fishing Line), with the second having similar properties to
the first (Black Magic Leader) for comparative reasons. The third material is structural in nature (steel
wire rope), to investigate how the properties of structural materials will affect the load bearing capacity
and failure mechanisms of the tensegrity.

1.3

Thesis Layout

The layout of this thesis is arranged in such a way so as to best address the four objectives listed previously.
A summary of this layout can be seen in Table 1.1.
Table 1.1: Summary layout of chapters
Objective 1

Objective 2

Objective 3

Objective 4

Literature Review

Computer Model

Optimised Results

Designed Structure

Chapter 2

Chapter 6

Literature review

GA optimised

Chapter 8
Flexible tensegrity structure

Chapter 5
tensegrity

Chapter 3
Modelling a
Defining the problem

Chapter 7
tensegrity

Chapter 9

Chapter 4

Impact of materials

Optimisation

on tensegrity behaviour

Stiff tensegrity structure
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Objective 1 (a comprehensive literature review) is mostly achieved through Chapter 2, where a breakdown and analysis of existing literature is achieved. This is additionally supported by Chapters 3 and 4.
Chapter 3 gives a breakdown of the methodology for the thesis, which is largely based upon the findings
of the literature review, with Chapter 4 giving greater insight into the process of optimisation and its
relevance to the topic at hand.
Chapter 5 addresses objective 2 (develop a verified computer model to simulate tensegrity behaviour),
explaining how the software for this thesis (Rhinoceros 5) works. In addition, this chapter also validates
the analysis engine within Rhino and the optimisation algorithm against a 10-bar truss (benchmark)
optimisation problem. This then follows with the development of a tensegrity model, and result verification.
Chapter 6 examines the optimal model parameters using existing data collected from literature, to
explore how previously tested tensegrity structures could be improved, and if general behaviour can be used
in the design process. Chapter 7 takes this further by determining additional material properties to include
within the tensegrity model. These new material parameters are used to determine additional tensegrity
load responses, to see if a universal optimal exists for tensegrity load bearing structures, addressing the
requirements of objective 3.
Finally, Chapters 8 and 9 investigate the design and construction processes for differing tensegrity
structures (objective 4). The resulting structures are then tested in a laboratory setting to obtain loaddeflection results which can be compared to the computer simulation. This will ultimately determine if
design methods can be used to predict the response of loaded tensegrities. Chapter 8 will focus specifically
on flexible tensegrities, while Chapter 9 will look at stiffer tensegrities.
Finally, the conclusion will summarise all the findings of the previous chapters addressing if the initial
aim of the thesis has been accomplished, indicating how the research questions have been answered, and
outlining how the research objectives have been achieved.
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Chapter 2

Literature review
The aim of this chapter is to further develop the definition of what tensegrity is, gain a better understanding
of its applications, and how it is being implemented. This is accomplished by reviewing literature on
research and applications of tensegrity which has previously been undertaken in this field, allowing for a
critical evaluation of the work which has been accomplished, and revealing areas in which information is
lacking.
This is covered in five sections. The first section provides a detailed introduction into tensegrity,
reviewing the history of tensegrity and providing detailed explanation of fundamental definitions. The
second section reviews the many properties of tensegrities with the purpose of exploring the complexities
relating to the field of study. Section three then investigates the topologies of tensegrity, from its most basic
and simplistic form, through to more complex designs. Following this, the fourth section examines the
design and construction process of tensegrities, with with section five endeavoring to reveal the importance
of tensegrities to a variety of research fields, and the many applications of tensegrity which have stemmed
a variety of different influences.
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2.1
2.1.1

An Introduction to Tensegrity
A Brief History

Inspired by the structures found in nature (Heartney, 2013), the artist and sculptor Kenneth Snelson
explored the concept he called floating compression, and its union between the fields of mathematics,
science and art. Snelsons first sculpture representing the concept of floating compression was constructed
in 1948, and consisted of a pair of cross-shaped members held rigid by a series of taught cables on a solid
base (Figure 2.1). This sculpture called “X-piece” was the first step towards what is now commonly known
as tensegrity.

Figure 2.1: Snelsons X-Piece - Pars (2017)
Snelson presented his sculpture to his teacher, Robert Buckminster Fuller, who was “both amazed and
delighted” at the sculpture created by his student (Snelson, 1977). Following this, the literature suggests
that Fuller appropriated Snelsons discovery and claimed it as his own. Fuller promoted the objects at
his lectures and seminars (Connelly and Back, 1998), and gave them the name tensegrity, due to their
”integrity under tension”.
In the years following, Snelson devoted his life to developing tensegrity sculptures, while Fuller adapted
tensegrities into his system of synergetics, as a demonstration of how a whole system can act in an
unpredictable fashion when looking at individual parts, and not the system as a whole. Snelson claimed
that due to multiple uses and definitions, the term tensegrity became confused and lacked a clear and
decisive definition.
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2.1.2

A Basic Definition of Tensegrity

Though varying definitions existed, all had a definitive foundation of principles with which to work from.
Firstly, tensegrities are similar in nature to trusses or space frames, or as stated by Skelton et al (2001),
“Tensegrity structures are very special cases of trusses”. Unlike trusses, tensegrities are comprised of
both stiff and flexible members, whereby the flexible members maintain connections such that they always
remain in a tensioned state. For this text, flexible members shall be referred to as cables, and stiff members
shall be referred to as struts.The manner in which the cables and struts are connected allows for forces to
be distributed such that all struts receive compressive loads, but the cables undergo further tensioning, as
shown in Figure 2.2.

Figure 2.2: Tensegrity structure with internal forces
All definitions state that tensegrity structures are comprised of a series of pin jointed members. This
allows for all forces within the structure to be axial, and thus the members in the structure do not
experience bending moments, shear forces, or torques. Additionally, both Snelson (2012) and Fuller (1987)
state that tensegrities are discontinuous, meaning that no strut can be connected directly to another strut
at a joint, or a strut can only be directly connected to cables, but may be indirectly connected to another
strut through a cable connection. If all of these conditions are met, then the structure exists in a state
of self-equilibrium, whereby it can stand erect under its own internal forces. More formal definitions have
been outlined since Snelsons claim, and have be stated as:
A tensegrity system is established when a set of discontinuous compressive components interacts with
a set of continuous tensile components to define a stable volume in space.” (Tur and Juan, 2008)
Tur and Juan’s definition more closely aligns with the definition outlined by Snelson for his “Floating
Compression” structures, which states:
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“Tensegrity describes a closed structural system composed of a set of three or more elongate compression
struts within a network of tension tendons, the combined parts mutually supportive in such a way that the
struts do not touch one another, but press outwardly against nodal points in the tension network to form
a firm, triangulated, prestressed, tension and compression unit.” (Snelson, 2012)
Snelsons definition also makes note of one other key feature of tensegrities, being that the struts do
not touch at all. This includes the vertices and the mid sections. The struts are only indirectly connected
to one another via each cable, no other connection exists.
Though these definitions exist (aligning with the original idea set by both Snelson and Fuller), as
Snelson stated there was a period where there was no clear and decisive definition for tensegrity. As
such, others developed concepts which, though called tensegrity, do not conform to Snelsons definition of
tensegrity. As such, a class system was developed to incorporate these structures into one all encompassing
tensegrity definition.

2.1.3

Classes of Tensegrity

Not all structures calling themselves ’tensegrity’ fit within the confines of Snelson and Fullers definitions,
and as such, a class system was devised to allow for this discrepancy. As outlined by Skelton et al (2001),
a Class k system of defining tensegrities was implemented due to prior research into tensegrities, and
ongoing research not utilizing the ’discontinuous’ definition.
The Class k system was devised, due to there being an arbitrary k number of classes that can exist.
This Class system defines a tensegrity as a Class k tensegrity whereby a maximum of k compressive
members are connected at the nodes. This allows for a concise way of defining and grouping different
types of tensegrities.
Figure 2.3a is Class 1, due to every node in the structure having at most one strut connected. Similarly,
Figure 2.3b is defined as Class 2 since each node has at most two struts connected. However, just because
a stiff element has replaced a cable, this does not necessarily mean it is a strut, as in this definition, a
strut resists a compressive load. This tensioned stiff member will therefore be defined as a tie. If Figure
2.3b were to have an additional tie (replacing one cable), then the structure would be considered Class
3, as at least one node has three strut/tie connections. Skelton et al reiterated that Class distinguishes a
type of tensegrity, but but does not define tensegrity. If the structure is not in a state of self-equilibrium,
then the structure is not a tensegrity, and Class is irrelevant.
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(b) Class 2 Tensegrity Cube

(a) Class 1 Tensegrity Cube

Figure 2.3: Comparison of tensegrity classes
Skelton et al (2001) further states as Fuller (and similarly Snelson) implied that tensegrities consisted
of a disconnected set of compression members, but a connected set of tension members. This means that
both Fuller and Snelson proposed definitions describe a Class 1 tensegrity. As the definitions of tensegrity
are now known to describe a Class 1 tensegrity, further mentions of tensegrity systems shall be assumed
to be Class 1 (unless otherwise stated).

2.1.4

Notation

Due to the number of different tensegrities which existed, Skelton et al (2001) utilized a simple notation
when refereeing to each tensegrity, in order to present a better understanding for the reader. The notation
utilized was simply C#T#. The ‘C’ refers to the number of compression members within the structure,
and intuitively the ‘T’ refers to the number of tensioned cables. This notation also assists with defining
the class of tensegrity, however cannot directly determine class. .
However, others like Burkhardt (2008) specifically name and each tensegrity analyzed without a generic
terminology. This in its own rights is beneficial as tensegrities can have a similar topology and have an
identical notation as used by Skelton, but perform in very different manners (Figure 2.4).

(a) Regular Hexagonal Prism Tensegrity

(b) Irregular Hexagonal Prism Tensegrity

Figure 2.4: Different types of C6T18 tensegrities - Modified from Xu and Luo (2010)
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2.1.5

Internal Topology of a Tensegrity

Similar to earlier definitions, Motro (2003) states that:
“A tensegrity system is established when a set of discontinuous compression components interacts with
a set of continuous tensile components to define a stable volume in space”
However, though Motro agrees with the Fuller/Snelson definition (i.e. that a tensegrity should be only
considered as Class 1), Motro adds to this definition two points, being:
1. Components in compression are included inside the set of components in tension.
2. Stability of the system is self-equilibrium stability.
Though point two is important, it will be addressed later. However, Motros first point raises the issue
of whether or not a tensegrity can be considered as a tensegrity, based on its internal topology. Motro
explains that the surface of the tensegrity is comprised of nodes and polygons, the polygons being formed
by the connected cables and struts.

Figure 2.5: Example of polygons on top and base - Modified from Fraternali et al (2014)
If any numerical coordinate of a strut is not outside of the system of polygons and nodes, then it must
be ”inside” of the structure. Motro states that ”inside” is a key definition to be made, as it also defines
a relationship between the tensioned cables and the compressed struts, such that the struts are contained
within the system of cables.
This same issue was raised by Zhou (2007), who stated that the relationship of the compression and
tension members is one whereby the compression members must remain “inside” the overall tensegrity
structure. The addition of these two points made Motro revise his definition of tensegrity to the following:
“A tensegrity system is a system in a stable self equilibrated state comprising a discontinuous set of
compressed components inside a continuum of tensioned components”
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In this separation , Motro describes internal compression members as having a constructive culture,
sustaining load effects, whereas the tension cables, which are always found on the surface of the object,
behaving in a more supportive role. Though the cables and struts are in a state of equilibrium, the struts
(as inferred from Motro) give the tensegrity structure, in much the same way that structural columns
support a building (Figure 2.6).

(a) Internal structural supports - SARC (2009)

(b) 3-bar tensegrity cell - Poston (2017)

Figure 2.6: Similarity between structural supports and tensegrities
These fundamental definitions, compositions and classes lay the basic framework of what a tensegrity
is, though they do not reveal much of the underlying properties which comprise the nature of a tensegrity
structure. Though the basic properties have been described, there are more complex questions still in need
of answers, such as how do tensegrities react to loads, and what causes them to fail.

2.2

Properties of Tensegrity Structures

The properties existing within a tensegrity structure determine its ability to react to external forces. These
internal properties affect many aspects of the structure, including is deflection, strength and stability. Each
of these are important to understand, however deflection and strength follow from structural stability, and
as such, this will be the first aspect investigated.

2.2.1

Structural Stability

Maxwell (1864) showed that for a frame consisting of b bars and j joints (nodes), generally, a structure
would be considered as simply stiff (or statically determinate) if:
b = 3j − 6
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(2.1)

Maxwell also noted, however, that there may be special cases of stiffness, but the ”order of stiffness”
would be lower than those adhering to Equation 2.1. Calladine (1977) noted that Maxwells special cases
permitted ”at least one state of ’self-stress’ in the frame”. Calladine realised that tensegrity structures
constitute one of these special cases, as the number of bars within a tensegrity are fewer than required to
meet Maxwells Equation, and yet the structures are stiff, though not always stable.
Motro (2003) states that for each node in a tensegrity structure, three cable connections and one strut
connection are sufficient in order to ensure the necessary condition of stability for a node. If all nodes in
the tensegrity meet this necessary condition, then the overall structure is considered stable.

Figure 2.7: Necessary condition for stability at a node - Motro (2003)

2.2.2

Self-Equilibrium

The self-equilibrium of the tensegrity structure is the formal terminology for the aforementioned equilibrium state of tensegrity structures. Motro (2003) expresses that self-equilibrium is the initial state of the
structure before being acted on by any forces, including gravity. This can also be called a self-stress state,
as the stresses within the cables and struts must be substantial enough to give the structure shape.
This self-equilibrium state is the position to which the tensegrity wants to remain, and can otherwise
be expressed as a ’resting state’. If a force acts on the tensegrity and alters it in shape, then the self
equilibrium of the tensegrity will make the structure want to return to its resting state.
Fuller and Applewhite (1975) used pneumatics (the study of pressurized gas in structures and mechanized objects) in order to describe this principle. Pneumatics was in its own way related to tensegrity, as
there was was an outer layer of an object in a state of tension (similar to cables) and an internal pressure
(similar to the force or ’pressure’ acting on the struts).
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Motro (2003) elaborated on this example by presenting the balloon analogy. The balloon has 3 stages:
1. In the first state, the balloon has no ”form” as such. In this state, the balloon contains less air
within the balloons ’envelope’ than what it is capable of holding. In other words, the balloon is
under-inflated. In this state, the structure has no set form, and so is called indeterminate. This
would be the equivalence of having a tensegrity where the strings are too long, and so the structure
has no form as of yet.
2. The second state falls within the scope of self-equilibrium, as the volume of the balloon is equal to the
amount of air within. Any force acting on the balloon will allow for change in the overall structure,
however, once removed, the balloon will return to its equilibrium state (Figure 2.8). This state is
equivalent to a tensegrity with internal self-stresses, allowing a 3D shape to form. This structure is
not stiff, and will deform when loaded, but will return to its equilibrium state when unloaded.

Figure 2.8: Self-Equilibrium example using balloon analogy - Modified from Dorling Kindersley Limited
(2017)
3. The third state allows for a higher state of stiffness within the structure. When over-inflated, that is
to say pressurizing the balloon, the surface of the balloon becomes tensioned to accommodate for the
pressurized gas within. This pressurization on the surface gives the balloon stiffness, and increases
the difficulty to deform the balloon. The balloon may deform slightly, however the overall shape
remains intact. This pressurization within the balloon reflects a pretensioning action on the cables
within the tensegrity, and demonstrates that pretensioning within the tensegrity structure serves to
increase the stiffness of the structure.
Motros balloon analogy is an apt reflection of the nature of tensegrities, and accurately demonstrates
the nature of pretensioning within the tensegrity structure, namely that pretensioning within a tensegrity
structure is integral for any increase in stiffness and rigidity.
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2.2.3

Pretensioning and Prestress

Skelton et al (2001) described the importance of pretension within tensegrity as “monumental”. Pretensioning occurs when a tensioning force acts on the cable. This is best understood by thinking of the cable
as a spring. When stretched, the spring wants to return to its resting state, and pulls back towards that
state, which results in the creation of pretensioning. This concept will be further developed in Chapter 3.
As identified by Motro (2003), the pretensioning within the tensegrity system increases stiffness when
acted on by external forces. Gilewski and Al Sabouni-Zawadzka (2014) examined the effect of pretension
on the overall stability of tensegrity structures and found correlation. It was found that for a constant
force acting on a 3-bar tensegrity cell, the deflection on a specific node reduced as the prestress within the
structure increased, indicating that higher levels of pretensioning allow for higher stability.
However, this is not an infinite relationship, with tensegrities gaining an infinite strength value. Materials within the tensegrity structure still succumb to failure conditions, whether that be plastic deformation,
buckling or other failure mechanisms. Increasing pretensioning also brings the tensioned material closer to
its plastic limit, which will eventually impair stiffness and strength. Alternatively, high levels of pretension
can result in high levels of compression within the struts, resulting in buckling. Veuve et al (2015) came
across issues with buckling in a deployable footbridge being developed. Due to joint eccentricities, buckling
in a strut was magnified, resulting in a system failure. The degree of pretensioning in the system is a fine
balance between improving and impeding the stability of the tensegrity structure.

2.2.4

Load Distribution

The balance found within tensegrity structure is due to the force distribution within the structure. Peña
et al (2010) noted that the balance shown within the structure is due to the tensile and compressive forces
being distributed throughout the structure, with the structure wanting to be in equilibrium. This allows
for all members within the structure to jointly bear the load, meaning that there isnt one single member
sustaining a large force, increasing the potential for failure.
This load distribution is purely axial in nature, due to the tensegrity structure being pin-jointed.
Srivastava and Izhar (2017) stated that the force distribution within the structure, while evenly distributing
load, also impacts the overall shape (and self-equilibrium) of the structure. However, as stated by Motro
(2003), the self-equilibrium is the intital state of the structure before any loading is undertaken. Srivistava
and Izhar continue by stating that form-finding analyses should be undertaken to appropriately determine
a geometry which accommodates for internal forces. Form-finding is a process which will be addressed
later, in Section 2.4.1.
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2.2.5

Reaction to Loading

The reaction to loading a tensegrity is, as with all structures, dependent on the direction of that load, but
as previously mentioned, the force acting on the structure will be evenly distributed across the entirety of
the structure. The reaction is also dependent on the shape of tensegrity, however, a 3-bar tensegrity cell
shall be used as an example for simplicity.
Fraternali et al (2014) modelled the softening-stiffening response found in tensegrities when experiencing a compressive load. This was then tested by Amendola et al (2014) to see how well the model
aligned with the physical testing. It should be noted that both Amendola et al and Fraternali et al both
contributed to each of these works. It was found (as previously mentioned) that the shape of the tensegrity prisms tested influenced the reaction, with the taller, thinner tensegrity having a ”slightly softening
behaviour” (Amendola et al (2014)) and the shorter, stouter tensegrity having more of a softening effect.
The studies by Amendola et al and Fraternali et al both found that when loaded, the deformation
in the tensegrity is somewhat screw-like, meaning that the tensegrity both rotates and compresses (or if
pulled, rotates and elongates). This behaviour is shown in Figure 2.9. If the leftmost tensegrity is loaded,
it will deform in a manner similar to the image on the right. This also works if the rightmost tensegrity
is in a self-equilibrium state, and is pulled upwards.

Figure 2.9: Tensegrity shape behaviour when loaded - Modified from Fraternali et al (2014)
Similarly, Gilewski and Al Sabouni-Zawadzka (2015) assessed a tensegrities reaction to loading, but
from a lateral direction. The response to loading from the this direction was similar to that of both
Amendola et al and Fraternali et al, indicating that the distribution of forces is indeed evenly distributed,
otherwise other deformations could be expected.
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(a) Compressive loading

(b) Lateral loading

Figure 2.10: Directionality of Applied loads - (a) Modified from Fraternali et al (2014) and (b) Gilewski
and Al Sabouni-Zawadzka (2015)
The direction of lateral loading affects the tensegrity in a fashion similar to that of the loads noted
by Amendola et al and Fraternali et al. If a lateral load, acting on a node on the top of the tensegrity
in the same direction in which rotation has already occurred, then the tensegrity shall further compress.
Conversely, if the direction of loading acts against the direction of rotation, the tensegrity will elongate.

2.2.6

Slackening

When acted upon by a force, the tensegrity structure is stiffened by the prestress in the cables, as mentioned
in Section 2.2.3. However, if the load acting on the tensegrity deforms the structure too far, then the
distance between two nodes is no longer greater than the unstressed cable length, and the prestressed
state within the cable no longer exists. This effect is called slackening, and can (but does not always
necessarily) result in collapse of the system.
Slackening within the tensegrity can drastically effect the overall integrity of the structure. As the
stiffness of the tensegrity depends on the cable prestress, the stiffness can be said to be directly related
to the spring constant of the cables (Skelton, 2001). If a cable slackens then the stiffness of the structure
substantially reduces. The slackening of cables for this reason is of paramount importance, as it can result
in either the structure deforming but redistributing the load, or could result in progressive collapse.
If progressive collapse occurs, then the structure fails. If a cable goes slack, then the structure no
longer adheres to the stability criterion stipulated by Motro (2003) in Section 2.2.1, and can no longer be
considered as stiff. However, it has been seen in Amendola et al (2014) that during experimentation, the
cables are slack, and yet the structure still remains upright (Figure 2.11). This is due to an additional
connection created by the struts ’locking’ together.
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Figure 2.11: Slack cables in compression test - Modified from Amendola et al (2014)

2.2.7

Locking

When a structure deforms to the extent where slackening occurs, there is no longer an equal distribution
of forces within the structure, and as such, no longer has integrity. This causes the tensegrity to continue
the rotational action mentioned in Section 2.2.5, and undergo a process Amendola et al (2014) referred to
as locking.

Figure 2.12: Rotation from the vertical - Modified from Fraternali et al (2014)

Locking is the process whereby the tensegrities compressive struts will contact one another at their
center, and effectively ’lock’ together. Due to this (previously non-existent) connection, the structure can
now have slack cables and still remain (somewhat) stiff. Fraternali et al (2014) found that this property
occurs when the tensegrity has undergone 180◦ (π) rotation from the vertical for the compression struts.
These results are shown in Figure 2.12. Amendola et al (2014) found in testing that locking occurs prior
to 180◦ , as a model doesn’t allow for the strut thickness.
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Locking ’fixes’ the tensegrity at its center, and for simplicity, becomes a rigid connection. This allows
shear and bending moments to occur within the structure. Amendola found that different stages of
locking can occur, with some members undergoing locking while other members are not (due to structural
asymmetry). The results found by Amendola et al show that failure due to buckling occurs shortly after
full locking, if not before. Amendola et al also found that post-locking, the cables suffered from plastic
yielding. As such, locking will furthermore be considered as a failure condition.

2.2.8

Mass vs. Strength

Skelton et al (2001) states that for certain reasonably proportioned tensegrities, the strength to mass
ratio exhibited by them is greater (in compression) than that of a solid bar. This is certainly true when
compared to truss structures, as the cables used can be much lighter than the trusses solid members, as
some materials can withstand tension more efficiently than they can compression (Pugh, 1976).
The findings of Skelton et al showed that some tensegrities exhibited a larger strength when undergoing
bending than that of solid rectangular bars. It should be noted that these tensegrities (seen in Figure
2.13) were Planar (2D). It could potentially be possible to obtain these results for 3D tensegrity structures,
meaning that a 3D tensegrity could perform better (under given circumstances) than a traditional support
structures.

2.2.9

Balance of forces

The nature of tensegrity is that there is constant balance, which can be severely affected by different
properties, namely pretension and shape. The pretensioning, as mentioned in Section 2.2.3, is a fine
balance between assisting and impeding. The level of pretension can govern the rigidity of the structure,
but to great a prestress can result in plastic deformation of material, or compromise the rigidity of the
compressive struts.
As noted by Amendola et al (2014) (in Section 2.2.6), the shape of the tensegrity also affects how well
the overall structure reacts to loading, as shown by the two tensegrity geometries tested. As such, the
geometry and topology is as important as the prestress of the structure. Thus far, only the basic 3-bar
tensegrity cell have been investigated, but more complex tensegrity shapes exist. For these reasons, more
shapes must be examined in order to understand the full potential of tensegrity structures.
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2.3

Topologies

There exist many potential applications for tensegrities, with their shape being easy to manipulate, meaning that they can exist in many different forms. While complex shapes exist, it is beneficial to first
understand the simplest of tensegrtiy shapes, and build upon that fundamental knowledge base. This
knowledge can then be further developed to better understand of more complex topologies.

2.3.1

Cells and Prisms

Different schools of thought exist as to the simplest form of tensegrity. Skelton et al (2001) state that the
simplest form of tensegrity are 4 node tensegrities, like those seen in Figure 2.13. However, Motro (2003)
empirically determined that the simplest tensegrity system contains six nodes. This discrepancy is due to
the dispute of whether a 2-dimensional object (like those shown in Figure 2.13) can in fact be referred to
as ’tensegrities’.

Figure 2.13: Different Classes of 4 node 2D tensegrities - Modified from Skelton (2001)
Ignoring this argument, there is no denying that the simplest form of 3D tensegrity shape does in fact
have six nodes, and is referred to as a 3-bar cell. Though some refer to this shape simply as a ’cell’ or
’prism’ (Motro, 2003), all names refer to a tensegrity comprising of three struts and nine cables, like the
structure shown in Figure 2.14a. Others (Hanaor and Liao, 1991) believe that a quadroplex (4-bar cube)
tensegrity should also be considered as a cell (Figure 2.14b), however for simplicity we shall only refer
to a 3-bar tensegrity as a cell. The cell is the most common (and basic) of tensegrity structure, and is
used in combination with other cells to create more complex structures. Cells (such as the ones shown in
Figure 2.14) create more complex structures which fall into two different categories, being uni-dimension
or bi-dimensional systems.

(b) 4-bar tensegrity cell

(a) 3-bar tensegrity cell

Figure 2.14: Tensegrity cells
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The difference between these two systems can be extrapolated from there names, uni-dimensional
(one-dimensional) and bi-dimensional (two-dimensional). To expand on this, Motro (2003) defines unidimensional as a system where the whole geometry of the structure is dictated by a single predominant
direction. What is understood by this definition is that the structure should be one whereby the system
of cells is built in a single direction. Alternately, bi-dimensional systems allow for tensegrity systems to
be developed in two directions (namely the x-axis and z-axis), allowing for the creation of wider, more
mesh-like structures.

2.3.2

Uni-Dimensional Systems

As previously stated, uni-dimensional tensegrities are predominantly focused on the expansion of a structure in one specific direction, which is typically upwards. For this reason, structures most commonly
classified as uni-dimensional are towers and arches. These structures are typically constructed using a
series of cells stacked on top of one another. As these are tensegrity structures, the manner in which the
elements are stacked determines the class of the tensegrity, being Class 1 if the struts remain discontinuous,
but classified as class two if the struts are directly connected to one another.
Needle Tower (like many others tensegrity towers) is comprised of the simplest 3-bar tensegrity cells,
stacked on top of one another, tapering upwards. Though more complex towers have been designed and
built (Snelson (2003), Snelson (1977)), the 3-bar tower design is still one of the most popular tower designs.
The principles of a static tensegrity tower were further investigated by the likes of Tibert (2002), who
developed and constructed a small 8-stage 3-bar tensegrity boom as a possible replacement for existing
masts which have previously been developed for space travel. Though promising for deployment, Tibert
found that the boom did not reach the required level of stiffness until fully deployed. This was due to the
vertical connections being a single cable, and as such could not be taught until full deployment. Similarly,
Pinaud et al (2004) developed a boom, however, unlike Tiberts Class 1 boom, the boom developed by
Pinaud et al was Class 2 . The advantage of this strategy was that fewer wires were required to manage
stability, which can be an advantage when wires can potentially become tangled in the deployment process.
Building on the concept of towers, tensegrity arches are structures consisting of two ground connections,
and have received focus from some researches such as Emmerich (Motro, 2003). Much research was
conducted on early uni-dimension structures by Emmerich and his students (Motro, 2003), and Emmerich
has also been noted by Motro, and Vrontissi (2009) as one of the pioneers of tensegrity research. Again,
tensegrity arches consist of interconnected tensegrity cells, oriented in a single curved direction to obtain
their topology.
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(b) Rainbow Arch - Heartney (2013)

(a) Redeployable Arch - Kawaguchi (2017)

Figure 2.15: Tensegrity arches with (a) base cable connection and (b) no connection

2.3.3

Bi-Dimensional Systems

Unlike the uni-dimensional system, whereby a structure is built upwards, bi-dimension systems are built
outwards to form a more stable structure. Tensegrity assemblies commonly associated with this bidimensional system are dual layer grids and domes. These systems, like the uni-dimensional system,
are typically an assembly of interconnected tensegrity cells, though this is not always necessarily true.
Dual-layer grids are formed through the tessellation and connection of tensegrity cells, forming a strong,
supportive meshed network of elements similar to a space frame. Motro (2003) classifies these meshes with
two different connections, being node-to-cable, and node-to-node. This essentially classifies them as Class 1
for node-to-cable, and Class 2 for node-to-node. Motro states that for a node-to-node approach, additional
cables will be required to connect the cells, with 3-bar and 4-bar cells being commonly used. Motro further
states that rotation of both the upper and lower polygon of each cell allows for self-equilibrium to occur
in the cells, but still allows for contiguous tessellation to occur on both the upper and lower layer.

(a) Cell connectivity

(b) Dual layer grid with curvature

Figure 2.16: Dual layer connectivity - Olejnikova (2012)
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As the design of these meshes can incorporate multi-directional curvature (Motro, 2003), they have
been the focus of numerous researchers looking to adapt their lightweight and flexible designs. Panigrahi
et al (2008) researched the possibility for tensegrity layers to be utilized as roofing structure, and Mitsos
et al (2011) designed a pretensioned double layer grid to support a solar array. Though research has
been conducted on them, dual-layer grids have seen little in the way of physical assemblies, unlike other
bi-dimensional structure such as tensegrity domes.
Motro (2003) attributes the large developments made into cable dome research primarily to Geiger
and Levy. Though Fuller first attempted to develop a tensegrity dome, his attempts ultimately failed
(Pars, 2017). Geiger and Associates adapted tensegrity for use architecturally in the 1988 Seoul Olympics
(South Korea), creating the roof for the gymnastics arena (stadium) through utilizing Fullers principles of
tensegrity (Geiger et al, 1986). Geiger and associates determined that, under specific loading conditions,
a tensioned cable net acted in a statically determinate manner, allowing for a stable design. This concept
has since been routinely utilized by many to create roofing tensegrity structures for buildings such as
Redbird Arena, and the Georgia Dome (Jáuregi, 2004).

(a) Georgia Dome layout - Sebestyen (2003)

(b) Georgia Dome roof - Fortune (2016)

Figure 2.17: Georgia (Cable) Dome
However, there is some dispute as to whether any of these cable dome structures can truly consider
themselves as tensegrity. Motro (2003) states that as the cable dome structures are fixed to masts and are
comprised of a compression ring, the structure cannot be considered tensegrity. Motro further elaborates on
the earlier definition of compression members being inside the structure, but as the compression ring (one
of the key elements ensuring the integrity of the dome) is located on the boundary of the structural system
and not within, this structure is excluded from the tensegrity classification. Motro does however conclude
that though the classification of cable domes is disputed, the cable domes themselves do nevertheless
perform in a very efficient manner.
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Both uni-dimensional and bi-dimensional structures have seen numerous replications, most commonly
at smaller scale. What is noted from these replications is the complexity that is apparent in the construction
process, a point noted by Vrontissi (2009). Vrontissi notes (after completing an assembly workshop with
university students) that:
“. . . form-finding methods and tools would be required in order for form and shape to fulfill stability
requirements; in addition, analytic studies and lab experiments would be needed to precisely size elements.
The use of an inclusive 3d-model,for simulation rather than representation purposes, would be most helpful.” (Vrontissi, 2009)

(a) Tensegrity Arch - ARKISpace (2017)

(b) Tensegrity Lego – Foo (2014)

Figure 2.18: Students creating a tensegrity structures

Though it is clear that much research has been conducted on tensegrities, there still appears to be little
known about the construction and assembly process. If a construction methodology existed, then Vrontissi
would not have encountered so many issues in the construction of tensegrity structures. Emperical evidence
supports this, as many images showing the construction of tensegrities (both uni and bi-dimensional)
requiring many people to assist (see Figure 2.18) which raises the question, what is known about the
design and construction of tensegrities?
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2.4

Design and Construction

Though the understanding of tensegrity has progressed since its conception, there is still a lack of design
and construction methodology surrounding the topic. This was recognized by Campesato (2016), who
compared trusses to tensegrities, stating that truss structures “encountered technological development
and market demand” whereas tensegrity did not due to “tedious manufacturing and assembly”.
Though design process’ have been found for cell structures (Liapi et al(2004) , Amendola et al (2014))
there is no evidence of an overarching design methodology defined for tensegrity. As early applications of
tensegrity were used to promote the idea of synergetics (by Fuller), and artistic form (by Snelson), the
design process was not required. Burkhardt (2008) even went so far as to say Fuller never indicated in
his tensegrity patents how to calculate strut lengths, which were ”Probably... computed after the fact by
measuring the tendon lengths of a finished structure”. However, the design process has developed more
since Snelson and Fullers original designs.

2.4.1

Design

”It seems probable that the reason that tensegrity structures didnt get farther, even in circles where
there was a strong interest in practical applications of tensegrity, was the apparent dearth of powerful
and accurate tools for carrying out their design” (Burkhardt, 2008). As noted by many, the design of
tensegrity structures is complex (Ali et al (2010), Amouri et al (2014), which (as noted by Burkhardt) is
the reason ”powerful and accurate tools” are required in order to design these structures.
However, this did not stop early pioneers in the field. Kenners Geodesic Math and how to use it
(1976) techniques are still being used today (Burkhardt 2008), due to developing techniques to design
simple prisms, and approximating the design for more complex shapes, such as spheres. This fundamental
knowledge has allowed some, like Williamson et al (2003) and Burkhardt (2008) to create comprehensive
analytical models to better design tensegrities. These mathematical models of tensegrity can be used
within programs, to create computer models which can assist in the design process.
Computer Aided Design
Campbell (1991) stated that no other tensile structure (such as tensegrity) is as dependent upon computers,
further stating that the shape, form and level of prestress all being determined through computer aided
design. Many researchers now readily utilise this software in the assistance of structural design and testing.
Campesato (2016) utilized Rhino software (as well as standalone optimization software) in order to design
and construct a synthetic tensegrity arm. Tachi (2012) developed a freeform tensegrity design method
(and software), to create tensegrity designs based upon objects. This method breaks down solid objects
(mesh) into a tensegrity, but retains the essence of shape.
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Figure 2.19: Tensegritized Stanford Bunny - Tachi (2012)
Others have used softwares such as SOFiSTiK (Gilewski and Al Sabouni-Zawadzka, 2015), ABAQUS
(Zhou, 2007) and SAP2000 (Ma et al, 2016) in order to analyse tensegrity structures, to determine their
structural stability. These are but a few of the possible softwares which can be used for this applications,
with others like Pushmepullme3D being able to analyse tensegrity structures in real time.
Form Finding and Optimization
Some, like Ma et al (2016), Campesato (2016) and Ali et al (2010) have integrated an optimization process
within their design. Ma et al utilized a a genetic algorithm in order to optimize the distribution of prestress
within the tensegrity structure, in this case a tower. Pretension was controlled in similar cable ’groups’,
for a tensegrity tower. The grouping of these similar cables was applicable due to the symmetry of the
structure, with the ultimate purpose being to determine a minimum deflection. Campesato alternatively
used a standalone optimization software to configure the topology of a synthetic tensegrity arm, to give the
desired shape. This is achieved through a dynamic relaxation optimisation approach, pairing and external
optimizer with Rhinoceros 3D design software. Ali et al focused on a different optimization parameter,
optimizing a tensegrity-based footbridge to determine the most cost-effective design. Like Ma et al (2016),
this approach also utilises a genetic algorithm to determine an optimal result. These few studies show the
impact that optimization may have on the design of tensegrity structures.
These are but a few examples showing how optimization may be applied to tensegrity to obtain different
desired results (i.e. minimal deflection, topology, minimal cost etc.) This demonstrates the versatility of
optimisation, and that its potential for application (especially with regards to tensegrity) is vast.
Similar to optimization processes, form finding of tensegrity structures has become the subject of much
interest in recent years. Fund (2008) states that form finding is a process of optimizing a structure, whereby
the shape of the structure is determined by its state of equilibrium when under applied loading. In this
sense, the structures are defined more by the forces acting on them than any initial design process.
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Xu and Luo (2009) conducted form-finding on regular and non-regular tensegrities structures through
utilizing genetic algorithms. These models were determined as ‘best’ based on the amount of potential
energy, or ‘pre-stress’ within the model. Xu and Luo determined regular tensegrity models through fixing
the number of members, member rest lengths, elastic moduli and member connectivity, with the only
variable being the nodal locations. Non-regular tensegrities were determined through the same conditions
with one change, being that the elasticity of the cables is also variable. As stated by Xu and Luo, while
this process can yield useful optimizations for fixed sizing of members, it has “little control on the specific
geometric characteristics of the tensegrity”. Lee and Lee (2013) add to this work by using form-finding
methods to allow for variable bar types, with limited nodal connections.
With form finding methods suffering from a lack of geometric control, some have shifted focus to
tensegrity design based around self-stress. These self-stress methods are designed for specific external loads
exhibited on structures. Quirant et al (2003) used linear programming to determine an optimal solution
to a tensegrity grid with self-stress as the variable. This has since been built upon by Quirant (2007)
who tensioned the system through numerous optimal active elements, and by Sánchez et al (2007) who
classified self-stressed conditions based upon behaviour, number of components, and component location.
Lee et al (2014) developed on all of these principles, utilizing a genetic algorithm in order to optimally
design several tensegrity structures based upon a self-stress design, and ultimately designs a tensegrity
grid. Lee et al develops a methodology for design based upon the force method, by first designing a free
standing tensegrity structure with no external loads. Then, a force vector is incorporated into the design,
simulating an external load. The structure is adapted, and then a genetic algorithm is applied, to optimize
the structure. This process is used to develop several examples, composed of a two -dimensional tensegrity
beam, a two-dimensional tensegrity arch, and finally a three-dimensional tensegrity grid.
It can be seen that there is still much interest in the research associated with tensegrity design. However,
this does not assist with one of the primary obstacles outlined by Burkhardt (2008), who states that the
complexity of the structures themselves lead to a complexity in the manufacturing and fabrication process.

2.4.2

Construction

The manufacturing process is described by Snelson in Heartney (2013) as “an enormous mind-bending
jigsaw puzzle constructed of a series of booby-traps”. The construction project, to which Snelson referred,
was New Dimension which was constructed in 1977, and unfortunately, the construction process has
developed little in the time since. The methods utilized by Snelson in the 1970’s are still used today, with
the only development being computer models being used to assist with the assembly procedure.
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The construction process requires the materials to initially be laid flat on the floor. Snelson did this
by laying strut caps connected by cable connections, with struts added after (Figure 2.20). Others like
Pugh (1976) created a design resembling a tensegrity ’flat pack’, with interconnected struts and cables in
2D, requiring a minimal number of cables to be connected so as to give the tensegrity 3D shape. Pugh
created these models from hand drawings, but with the development of computers, these flat pack designs
can now be developed in computer models.

Figure 2.20: Snelsons floor layout of a tensegrity sculpture - Heartney (2013)
Some have attempted to develop new ways of construction, such as Amendola et al (2014). Amendola
proposed two different ways to construct tensegrities which were then tested. The two different methods
described were a being a ‘string-first’ approach and a ‘base-first’ approach.
The string-first approach utilized a jig, in order to construct a connected cable system for the tensegrity
(Figure 2.21a). This was then affixed to three threaded bars, followed by a pretensioning process completed
by screwing (or unscrewing) bolts away from the center of each bar, resulting in an equilibrium state being
reached. Amendola et al also refers to this as a ‘deformable-base’ or ‘db’ method.
The base-first approach, also called a ‘rigid-base’ or ‘rb’ method was constructed by attaching three
bars (via ball-end connections) to base extensions, which slotted into a rigid circular base. Vertical wires
were then attached, and were pretensioned utilizing a tennis racquet stringer (Figure 2.21b).

(a) String-first cable layout

(b) Base-first pretensioning

Figure 2.21: String-first and base-first methods - Amendola (2014)
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The string-first method utilized similar construction practices used by both Vrontissi (2009) and Motro
(2003), developing a flat pack of the structure, only Amendola et al was missing the struts, which were
then added to give 3-dimensional shape. The base-first approach however, was less complicated due to
the structure having a rigid base, and as such was less complex to construct. This approach (however)
resulted in the structure not complying with Motro’s definition of tensegrity. With this in mind, both
methods identify new methods of introducing pretension within the structure in order to improve stiffness
for later testing.

Figure 2.22: Flat layout design method - Modified from Vrontissi (2009)
Campesato (2016) links the lack of tensegrities in application throughout the world to the troubles
encountered in the manufacturing process. The comparison between tensegrities and trusses is made,
stating that trusses received fast technological advancement, and it is implied that this is due to their
makeup of solely stiff members. Campesato stipulates that if the manufacturing process can be simplified,
whether it be through tensegrity-friendly software, or through rapid construction, such as 3D printing,
then tensegrities will have a larger market applicability, encouraging more interest and investment in the
field.
While the idea of constructing tensegrity through these additive manufacturing methods has been
investigated, there are still drawbacks limiting the methodology. It has been speculated that if tensegrity
could be 3D printed, there would be renewed interest in their application (Earnhardt, 2011), however
difficulty still lies in introducing pretension within the structure. Several tensegrity-esque style structures
have been designed for 3D printing (Cox, 2015) but these small scale structures lack stiffness due to weak
nature of PLA. 3D printing technology would need to be further developed before being considered as a
viable method for constructing tensegities.
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2.4.3

Materials

The materials used in the construction of tensegrities can also affect the look, use and abilities of the
structure. Most research on the properties of tensegrity therefor use more structurally sound materials,
such as steel or wood. However, some have utilized other materials to obtain different types of tensegrities.
Though cables are more rigid, some researchers have replaced the cables connecting struts with membranes to create various shading structures and usable objects. Kojima (2012) mentions a project completed by students at Tokyo University, where they developed the MOOM, a tensegrity membrane structure
consisting of aluminium tubes (struts) and an elastic polymer membrane, and covers a 146m2 area.
Campesato (2016) similarly used membrane to create an enclosed shell with an internal tensegrity
structure. Using Rhino, Campesato developed a free-form tensegrity model of a human arm, and constructed a lightweight model using 3D printed parts, to show rapid prototyping (Figure 2.23). Using a
membrane instead of cables gave Campesato the desired enclosed shape originally modeled.

Figure 2.23: Tensegrity lightweight arm design - Modified from Campesato (2012)
Peña et al (2010) contributed to the development of tensile textile constructions by designing and
building several tensegrity membrane structures which, when produced on a large scale, could work as
facades or as roofing for sporting arenas, similar to the tensegrity domes mentioned in Section 2.3.3.

(b) Scale Membrane Model

(a) Example membrane facade for a stadium

Figure 2.24: Tensegrity Membrane Structures - Peña et al (2010)
Though the design process is heavily reliant on computer softwares, and the construction and manufacturing process is limited, these constraints have not impinged on the progress that researchers are
determined to make. The application of tensegrity is not just limited to the areas of art and architecture,
but can encompass many fields, which some never realized were possible.
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2.5

Applications of Tensegrity

As stated by Connelly and Back (1997), the creation of “X-Piece” by Snelson proposed “genuinely new
mathematical questions” and at the time of Connelly and Backs paper, had still not been resolved. However, mathematical questions were not the only ones raised. Vrontissi (2009) expresses that from the
pioneering work of Emmerich (1996), Fuller (1961) and Snelson (1996), tensegrity sparked the interest of
researchers from a variety of different fields including mathematics, biology, chemistry, medicine, physics
and engineering, and how the design of tensegrities could influence each respective field in different ways.

2.5.1

Art, Architecture, and Ideas

As mentioned by Motro (2003), Gomez-Jáuregui (2004) and Vrontissi (2009), Snelson, Emmerich, and
Fuller were the true pioneers of tensegrity. Snelsons tensegrity sculptures are still of point of inspiration
today, with artists and architects drawing influence from the diverse sculptures Snelson developed, to create
new artistic objects, like lighting sculptures (Lee and Larson, 2014), membrane architecture (Kojima, 2012)
and even furniture (as seen in Figure 2.25).

Figure 2.25: Tensegrity table - Akke (2017)
Emmerichs research on tensegrity prisms and complex tensegrity systems (Gomez-Jáuregui, 2004) has
led to much research into structural form, resulting in further research in form-finding methods. Fuller,
however, who widely promoted tensegrity through his idea of synergetics brought tensegrity the most
renown. Through coupling tensegrity with synergetics, Fuller demonstrated how systems can behave
differently when viewed as a whole, and not viewed as individual parts. His philosophy inspired others to
look beyond a rigid system, and develop links through other fields of research.
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2.5.2

The link between Tensegrity and Nature

Typically, humans draw inspiration for creative thinking and design from nature (Galil, 2010). However, in
the case of tensegrity, the idea has allowed some to view the world in a different way. Ingber (1998) discusses
in his paper ‘The architecture of Life’ how tensegrities are found everywhere within nature, however not
always in places we expect. Ingber states that tensegrity applies to the human body, specifically at the
skeletal system in conjunction with the muscular system, and how if taken alone, the body would not
support itself. “Bones are the compression struts, and muscles, tendons and ligaments are the tensionbearing members” (Ingber, 1998). Though not typically thought of in such a manner, the human body is
in fact a tensegrity.
Intension Designs (2012) has utilized this view of the human body being a tensegrity, and developed
an entire range of models, so as to show others how the body works. These models range from tensegrity
pelvises, arms, legs, torsos, and even a combination of all aforementioned models to create a full tensegrity
skeleton.

(a) Pelvis - Intension Design (2017)

(b) Multi-Axis elbow - Lessard et al (2016)

Figure 2.26: Human body parts modeled as tensegrity objects
Lessard et al (2016) developped similar models to Intension Designs, and though not a conventional
tensegrity system, the models mimic the movements of the human body through a tensegrity-like system.
Lessard et al developed a lightweight multi-axis joint, similar to that found in the elbow. Developing on
the work conducted by Scarr (2011), Lessard et al developed both a physical and computer model with
multiple axes of actuation.
Technologies such as this (inspired by tensegrity) can assist in the development of artificial limb joints
and physical therapy. Though still at an early stage, with further interest from researchers and engineers,
the technology can be developed further. However, this is but one application where engineers can further
the development of tensegrity.
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2.5.3

Adapting Tensegrity for Engineering Purposes

Due to the lightweight design, the aerospace industry largely encouraged further investigation into tensegrities, resulting in more than six decades of research on the topic (Campesato, 2016). This resulted in a
far better understanding of the topic on a limited basis.
According to Wittier (2002), it has only been during the last few years that engineers have taken
interest in tensegrities, and critically analysed them. Some are of the opinion that this is still the case
with Gilewski et al (2017) contributing that “a large amount of literature on the geometry, art form and
architectural appeal of tensegrity structures exists, but there is little on the dynamics and mechanics of
these structures”.
Though there has been more research since Whittiers statement (Fraternali et al (2014), Amouri et al
(2014), Motro (2013) etc.), there are still calls for renewed attention to the field (Gilewski et al, 2017),
with a higher focus into control for either the struts or cables (Skelton et al, 2001).
Control of tensegrity structures typically occurs through manipulation of the pretensioning in the cables. This control would result in tensegrity-based structures becoming ‘smart structures’, as stated by
Gilewski and Al Sabouni-Zawadzka (2014), whereby they could be used for many applications. According
to Skelton et al (2001), tensegrities (unlike classical structures) can be substantially altered with little
change in the overall potential energy of the structure, allowing for simple (and efficient) shape modification.
These ideas have been adapted in the creation of deployable structures. Thomson (1999) used internal
pretension within tensegrity cables to develop deployable reflectors to be used in space, which was further
developed by Tibert and Pelligrino (2002) (Figure 2.27). These structures could be ’packed’ in a smaller
container, launched into space, and then remotely deployed.

Figure 2.27: Antenna design and scale model - Modified from Tibert (2002)
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Expanding on the idea of deployable structures, Ali et al (2010) developed an optimized tensegrity
footbridge, which was later further developed by Rhode-Barbarigos (2012) and Veuve et al (2015), with
Veuve at al constructing a deployable footbridge. The deployability of the structure was controlled through
the use of actuators, which adjusted the location of the struts. This idea of actuator controlled tensegrities
have led researchers at the BEST lab to develop tensegrity robots to be used as possible ”next generation
space exploration systems” (Chen et al, 2017). Through controlling the actuation (expansion and contraction) of specific struts, Kim et al (2014) developed a tensegrity robot capable of traversing rough terrain
through collapsing, rolling and re-tensioning the structure.
Control has been shown to be very versatile within tensegrity structures. Through controlling both
cables and actuators, shape may be manipulated to deploy (Veuve et al, 2015) and move the structure
(Kim et al, 2014). Through controlling the cable pretension, the structure is capable of bearing greater
load (Gilewski and Al Sabouni-Zawadzka, 2014) with differing geometries responding to loading in different
ways (Amendola et al, 2014). While it is evident that tensegrities are capable of being applied in many
different possible applications, the bounds of these structures must be known.

2.5.4

Tensegrity Limitations

Both cartesian nodal vectors (Fraternali et al, 2014) and polar coordinate systems (Burkhardt, 2008)
are valid means of representing or determining initial tensegrity geometry, with it being a trivial task to
convert between the two. However, topological representation is well established, with determination of
initial topology being of greater interest. This has been further developed in recent years, with some (such
as Gomez Estrada et al (2006)) presenting novel form-finding methodologies for two- and three-dimensional
tensegrities where only minimal structural knowledge is available.
Topology is intimately linked with self-equilibrium, though topology that is self-stable is more complicated to determine. Both Burkhardt (2008) and Motro (2003) determine this equilibrium through
determining a ratio between tensegrity strut length and cable length, differentiating with respect to structural twist to determine the point of equilibrium. While not the only way to determine this point of
equilibrium (and thus structural geometry), it is very efficient. Tran and Lee (2009) expanded on the work
of Gomez Estrada et al, utilising numerical form-finding using topology and member typologies (compression/tension member) to determine self-equilibrium configurations for given tensegrity structures. This
methodology has been shown to work for both two- and three- dimensional assemblies of both Class 1 and
Class 2 tensegrity structures. This approach is further developed by Tran and Lee (2011), who offer a
numerical form-finding methodology with partial control over both geometric and mechanical properties.
These studies have all contributed to improving the foundation knowledge of tensegrity topology and selfequilibrium, although neglect/exclude external- and self-loading conditions and material properties due to
their added complexities.
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Zhang and Ohsaki (2005) utilize eigenvalue analysis and spectral decomposition to numerically determine non-degenerate form-finding tensegrity compositions satisfying equilibrium conditions, though also
recognise that this methodology is limited in its inability to exact direct control over geometrical and
mechanical properties within the design.
As previously mentioned (Section 2.2.2), the equilibrium state (as explained by Motro (2003)) gives
the tensegrity structure while lacking rigidity, being deformable when acted upon by an external load. The
self-stress state (however) exists due to internal pretension, where the structure is capable of higher levels
of rigidity, being able to resist deformation. With a greater understanding of topology and equilibrium,
research developed to better understand the impact and application of self-stress states. Zhang et al (2006)
developed an approach to designing tensegrities for given independent axial forces and nodal coordinates
applied under equilibrium. The method utilizes linear algebra, with there being no required inclusivity of
kinematics or material properties, revealing its limitations. While the process is simplistically outlined in a
6-step process for both two- and three- dimensional systems, it is also outlined that this process yields (on
occasion) infeasible solutions, with nodes contacting or members intersecting. A solution to these issues
is suggested, being the inclusion of more geometrical constraints.
The inclusion of self-stressed states allowed for improved structural rigidity, a means of resisting external loading. Gilewski and Al Sabouni-Zawadzka (2014) utilised computer software (SOFiSTiK, 2010) to
model two distinct tensegrity cell structures (both a symmetric and asymmetric structure), incorporating
material properties to examine the effect of internal pretensioning on the response of the structure. While
determining that higher levels of prestress improve stiffness, this model also suffers from the limitation of
not being grounded in reality, with no (indicated) limitation to material strength or elongation. While
indicating a positive correlation between pretension and stiffness, the lack of bounds limits model applicability. Gilewski et al (2017) furthered this idea by examining the effects of self-stress on an existing
tensegrity structure (White Rhino) and the effects of adding additional tensioned cables, finding similar
results to Gilewski and Al Sabouni-Zawadzka (2014).
Fraternali et al (2014) expand on this approach, developing a method of calculating the structural
displacement of a structure as load increases. This approach incorporates elongation of material, and
closely aligns with the experimental results obtained by Amendola et al (2014). While accurate, this model
exists for a purely elastic region, and also neglects certain failure mechanisms (e.g. locking, slackening)
which may occur within the structural framework. While both Fraternali et al (2014) and Amendola et al
(2014) examines the effect loading has on differing geometries, this is only completed on a limited bases,
with two distinct geometries being investigated. Mascolo et al expanded on this work, examining Class
θ = 1 tensegrities, incorporating an internal self-stressed discontinuous cable network, to determine how
different definitions of tenesgrity impact axial loading.
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There is difficulty found in comprehensively examining the affects of geometry on the behaviour of
tensegrity structures, due to the numerous geometries examined in literature. While Koohestani (2012)
examines cells, tetrahedrons and octahedrons, Nanayakkara et al (2020) is examining towers and ‘tensegritrees’. Zhang and Feng (2016) investigate the initial prestress design on varying tensegrity domes, while
Masic et al (2005) examines initial topology and prestress in tensegrity beams. While the effects of many
specific cases have been examined, it appears that little has been undertaken in examining the general
behaviour of tensegrity structures.
Additionally, complexities associated with limit state design appear to have been neglected or ignored,
exemplified by Connelly and Terrell (1995), Zhang et al (2006), and Gilewski and Al Sabouni-Zawadzka
(2014). To combat these complexities, linear programming or computational optimisation may be employed, to tackle multivariate problems requiring numerous limits to achieve improved results, better
meeting idealised outcome. Feng (2017) optimised the initial self-stress design for a tensegrity grid, using linear homogenous systems in conjunction with a minimization problem, satisfying either stability or
super-stability requirements. This approach, while achieving improved stability performance, still neglects
material structural failure mechanisms, such as buckling. Feng also identifies that the optimisation implemented achieves a local solution, rather than the ideal global solution, stating that advanced optimisation
methods (such as genetic algorithms) will need to be employed to overcome these limitations. Feng (2018)
undertook a similar approach using Interior-Point Method (I-PM), encountering similar issues with local
solutions, reiterating the need for more robust optimisation methods. Feng et al (2020) implemented
an artificial fish swarm algorithm (AFSA) to overcome these limitations, determining a set of prestresses
which guarantee unilateral stress uniformity conditions within the structural web. While this approach was
found to overcome prior localised solution determination, Feng et al reiterated the need for more advanced
optimisation approaches for design of complex tensegrity topologies, as AFSA was not infallible, with some
finalised results being removed from the solution pool due to model failure or solution divergence.
Using Ant Colony Optimisation, Chen et al (2012) investigated the prestress stability of tensegrity
structures, determining prestress coefficients within different cables within a given composition. While the
method appears to achieve successful results, a penalization factor has been applied, meaning initial design
constraints have been breached, meaning the method may not be applicable in practice. A novel cellular
morphogenesis methodology was applied to tensegrity forms by Aloui et al (2019), investigating both
topology and form simultaneously. This approach is utilized to achieve a desired form with self-stability
conditions, to maintain the desired topology.
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A mixed-integer linear programming approach was implemented by Kanno (2011) to determine optimal tensegrity topology, given the assumption that loads (applied on singular and multiple points) cause
tensioned cables to lose stiffness within the tensegrity assembly. Solutions are found via numerical iteration, with it being outlined that these methods can be implemented to determine real-life functional
tensegrity structures. Member cross-section and nodal locations were not considered as design variables.
It is also mentioned that this method is complex and could create a computationally expensive problem
when member numbers increase. Further to this, Kanno (2013) examined how solutions differ for a given
(initial) topology dependant on how variables are manipulated. Through adjusting kinematic and static
indeterminacy, number of struts, and strut lengths (for nodal locations being fixed), optimisation is implemented to identify that a variety of self-stable tensegrity topologies can be obtained through introducing
unique self-stress states.
Both Ehara and Kanno (2010) and Xian and Wang (2017) implement mixed-integer programming in
combination with a ground structure method, to determine stability conditions for proposed tensegrity
assemblies. However, Ehara and Kanno maximize the number of struts, determining a minimal number
of cables, eliminating redundant systems in their approach to achieve stability. Comparitively, Xian and
Wang treat the number of nodes within the structure as a problem variable, utilizing optimisation to
minimise structural mass while ensuring structural stability.
While it is evident from literature that substantial research has been conducted to improve understanding of tensegrity behavior and capabilities, many of these studies still neglect to encompass limit
state design principles, limiting research applicability.
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2.6

Research Gaps

Section 2.5.4 indicates that significant literature exists on understanding tensegrity behaviour, though
much of this relates to distinct, predefined assemblies. Fraternali et al (2014) and Amendola et al (2014)
examined two distinct geometric cases of tensegrity, with some differing cases of pretension, however this
is hardly an investigation of the general behaviour of tensegrity structures. These cases also use two
distinct materials (polyethylene and steel respectively for cables and struts), with no examination into the
capability of other materials within tensegrity, and how it may alter dynamic response.
Connelly and Terrell (1995) examine the affects of stress within a tensegrity, however initial assumptions
do no match how materials behave. While boundaries and assumptions need defining when developing
a predictive model, unrealistic assumptions benefit nobody when attempting to use theoretic models in
realistic applications. This is also apparent from the model developed by Fraternali et al (2014). While
the model may be able to somewhat replicate the results of a loaded structure, the lack of bounded failure
mechanisms detracts from model application.
It is also apparent that much research has been conducted to determine equilibrium geometry (Motro
(2003), Burkhardt (2008), etc.) and self-stress (Connelly and Terrell (1995), Zhang and Feng (2016), etc.),
however it is not clear if investigation has progressed regarding tensegrities reaction and deformation once
loading has occurred. While Fraternali et al (2014) has made progress, the model is still not completely
reliable.
Vrontissi (2009) has also made evident that little is definitively known regarding tensegrity design
and construction. While different methods exist to calculate geometry in the design phase, the geometry
hardly remains consistent once pretensioned and loaded. As stated by Vrontissi, “analytic studies and lab
experiments would be needed to precisely size elements”. While this is possible to accomplish, there is
no apparent attempt to complete this testing in a manner to assist with tensegrity design. Additionally,
“The use of an inclusive 3D-model for simulation. . . would be most helpful”. While it is evident that
analysis has been used to better understand response (Gilewski and Al Sabouni-Zawadzka (2014), Zhou
(2007), Ma et al (2016), etc.), few have used software to assist with design. Tachi’s software (2012), while
interesting, has little in the way of practical application. Paired optimisation has assisted in the geometric
form finding process (Zheng and Feng, 2016), however this (again) does not assist with practical design.
As previously stipulated, while much is known about discrete cases of tensegrity design and performance, it appears that little is known regarding the general behaviour of tensegrities. While a thorough
understanding exists for determining initial geometry, this appears to be where general tensegrity design
ends. While more complex ideas and analysis methods have been undertaken, it appears that a foundational knowledge of the design and inclusion of realistic structural response of tensegrities is missing.
In summarising the literature, there is a vast archive of knowledge existing surrounding tensegrity
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structures, however gaps in this understanding have been identified. While some of these questions have
been previously determined and answered (in a sense), the answers are for specific cases, not for generalised
behaviour. These gaps are as follows:
• How does tensegrity geometry (both aspect ratio and scale) affect the response when loading, and
can this geometry be manipulated?
• How does loading affect a tensegrity geometry, and to what extent does pretensioning combat this?
• What is the load capacity of tensegrity structures, and do different design parameters affect this
value?
• Can tensegrity structures be designed to withstand specified loads or remain bounded by specified
deflection parameters?
• How can tensegrity assembly/construction be simplified and made more accurate
• Is computer modelling a better method of predicting tensegrity behaviour than existing approaches?
• In what ways can computer modelling assist with the design and analysis of tensegrity structures?
The body of this thesis will be an investigation of these research gaps, and aims to answer these questions (at least in part) to give a greater understanding to the structural properties of tensegrities. While
not comprehensive, this thesis will examine how different design parameters (e.g. materials, pretension,
geometry etc.) affect the load response of tensegrities, and how computer modelling/simulation can be
undertaken to obtain reliable simulations which approximate this behaviour.
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Chapter 3

Defining the problem
This chapter further defines the purpose of this research, elaborating on the manner in which the structural
performance of tensegrities will be investigated. A methodology is provided, explaining how structural
performance will be investigated. This will be undertaken through a logical pathway of first defining
a quantitative set of bounds for a tensegrity, which will develop into a computer model constructed in
Rhinoceros 3D (and analysed in conjunction with an optimisation algorithm). The results will identify
general behavioural reactions, assisting in the design and construction of tensegrities, and aiding in developing a testing methodology to validate the discovered behavioural response. A basic description of this
overarching methodology is given, with more specific details provided in later chapters.
It is clear that the non-orthogonal structure of a tensegrity allows for an efficient distribution of
internal forces (Skelton, 2001). Due to the dynamic behaviour of the structure, there exists no simple
way of designing a tensegrity to perform for a specified purpose. This has led to a lack of interest for the
structural applications of tensegrity. Though there exist applications (e.g. Kurilpa Bridge, White Rhino,
Warnow Tower etc.), tensegrities are not a prominent structural method currently utilised.
There is clear interest for the purposes of control, where cable tensioning can be manipulated to obtain
an equilibrium or collapsed state, depending on the desired action. Chen et al (2017) have utilised this for
robotics, developing self-propelling rovers, however these units do not require any load bearing capacity,
merely requiring equilibrium. Rhode-Barbarigos (2012) and Veuve et al (2015) have developed methods for
extendable temporary civil structures. Though these uses are impressive, there has been no investigation
into the structural behaviour of tensegrities.
Understanding the structural response to load is a key role of structural engineering. If there is no
understanding of how a structure behaves when loaded, then it is no surprise why tensegrities have not
been utilized as a structural element. Though interest has increased in the field of tensegrity research,
there exists very little in the way of application. For tensegrities to be considered as a useful element in
structures, a better understanding of their behaviour and capacity is required.
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As such, the purpose of this research will be to investigate the behaviour of tensegrity structures to
loading. As the definition of a tensegrity will remain true to Snelsons original definition, the structure
will not be laterally restrained, eliminating investigation into lateral loading. Therefore, the loading
investigated will focus primarily on applied compressive loads. As the maximum capacity of the structure
is preferred, an idealised compressive load will be induced through manipulating the pretensioning within
the cables.
The research will also investigate how geometry affects the maximum load capacity of the structure.
Amendola et al’s findings (2014) show that higher levels of pretensioning result in a higher load bearing
capacity, however the extent of this is unknown. The two different tests conducted indicate that tensegrities which are taller and narrower have a larger compressive capacity, but it is unknown if behaviour is
exponential, or if there exists an apex after which capacity declines. For these reasons, geometry must
also be investigated. To determine this behaviour, there are several key questions that must be answered:
• How can we quantify the problem?
• How will capacity maximisation be determined?
• How will the internal and imposed forces on the structure be analysed?
• How can the results obtained be confirmed?
• Does the analysed structure behave how a real structure would?
Once these questions are answered, a methodology will be established as to how to move forward in
answering the defined problem. Rather than trying to answer all problems simultaneously, they will be
answered individually, with an overall methodology working them all into a single procedure.

3.1

Quantifying the problem

Before the problem can be analysed, it must be quantified. In quantifying the problem, there are two key
parameters which must be defined. First is the objective function (what is to be achieved), and second is
the problem bounds. Firstly, addressing the objective function is simple, as the objective is to maximise
the compressive load, P . Addressing the second part (the problem bounds) is more complicated, as all
boundary conditions need to first be identified.
As stated in the literature, there are several boundary conditions which affect the behaviour of the
tensegrity. Previous work has incorporated some of these bounds, but not all. These bounds have often
been overlooked or neglected due to the further complexity introduced within the analysis, however, in
excluding these properties, the model becomes more detached from reality, and will not reflect authentic
responses. For the most realistic analysis of the structure, all boundaries will be incorporated for this
work. The description and individual criteria defining each bound is as follows:
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Locking - The structure ‘locks’ when the applied load, P , deforms the structure to a point where the
struts contact one another. This occurs when the distance between struts (locking distance), D, is equal
to zero.
Slackening – When the applied compressive load, P , acts on the structure, the overall height of the
structure reduces, causing any pretension in the vertical cables to reduce. If the tensile load within the
cables, PC , reaches zero, then the cable is considered as slack, and the structure is considered failed.
Material Limit – The material limit, PCY , refers to the elastic limit of the cable material. When
this value is reached, the structure is considered failed. This limit is based on the properties of the
materials, with more ductile material using the elastic limit, whereas more brittle material using the
breaking capacity. Which ever limit it may be, if the force within the cable is greater than the material
limit, then failure has occurred.
Pretension Limit – The pretension limit, TV or TH , is identical to the yield limit, PCY , with the
exception that the pretension limit exists only for an unloaded structure. The reason for this is that a
pretension within the vertical cables can initially be set very high, larger than that of the material limit,
but when compressed, the pretension within these cables reduces, allowing the structure to exist within the
problem bounds. The pretension limit eliminates this possibility from occurring, creating a more realistic
structure. This pretension limit is determined when the structure is in an unloaded state of equilibrium,
once form-finding has occured.
Buckling – The struts within the structure resist a axial compressive load. If the load within the
strut, PS , exceeds the critical buckling limit, Pb , then the structure will be considered failed.
It is worth noting that the bounds described result in two distinct sets of boundary conditions. These
will be described as ’hard’ and ’imposed’ bounds. A ’hard’ bound is a boundary which cannot be breached
for any reason, such as the ultimate yield of a material (i.e Pretension Limit or Material Limit). However,
an imposed bound is artificial, and does not necessarily result in model failure. Both locking and buckling
are examples of an imposed bound. These boundaries are not ideal, but may not result in failure, however
for the purposes of this research, will be considered a point of failure. These results may be used in
determining a better solution, which will be further explained in Chapter 4.
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With all of the boundary conditions having been defined, the problem can be quantified into the
following equation:
maximize

P

subject to

0< D
0< PC < PCY

(3.1)

0< PC < TV
0< PC < TH
0< PS < Pb
The bounded problem can now be mathematically analysed. Though a generalised problem has been
established, there is still no method of determining a maximum value for P , or for determining the internal
forces in accordance with the boundary conditions.

3.2

Analysing the structure

In analysing the forces within the structure, two methods can be used. An analytical method, or a
numerical method. The analytical method is typically used for simple problems, where a solution can be
derived by hand, finding a solution at any point. A numerical solution, however, uses an iterative process
to approximate a solution (where iterations are typically performed until convergence is obtained).
While analytical methods are ideal, they are limited by problem complexity. As a problem becomes
more complex, the calculation becomes larger, often becoming unmanageable (Rowe, 1994). Conversely,
numerical methods are not ideal for simpler problems where a solution is easily obtained analytically.
However, as a problem becomes more complex, an accurate numerical solution is comparatively more
easily obtained. Many modern engineering analysis programs utilise a numerical analysis in determining
solutions.
For analysing tensegrities, analytical solutions exist, but are complex, and do not all incorporate
boundary conditions. These solutions also exist for only select problems. Literature has shown success
using numerical models, however again, these models have not incorporated all boundary conditions.
Due to the unknown number of results required, and variations in values, it is more appropriate to use
a computer model, due to the simplicity associated with easily changing geometry and variables. This will
be the primary method used to determine the internal (and external) resultant forces within (and acting
on) the tensegrity. This method though reliable in determining the reactions from applied loads, cannot
determine the maximised load which is possible. For this, another method will be required.
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3.3

Determination of load capacity

The problem established in Section 3.1 falls within the category of mathematics known as operations
research, a field of study associated with achieving a goal in the most efficient manner (Leila, 2018).
Efficiency aside, operations research attempts to determine an idealized, optimal solution for a problem
with a large solution space. This is exactly what is needed for the problem in question, a method for
determining the optimal compressive load, POP .
Many methods exist for determining an optimal value, and the selection of a method is often dependant
on the problem itself. If the objective function is linear, then a linear programming method is often the
most effective. However, if the function associated with the optimal value is unknown, then which method
should be used? There exist a series of algorithms robust enough to solve complex optimisation based
problems known as evolutionary algorithms. Evolutionary algorithms (EA’s) are a heuristic method of
solving problems independent of objective function complexity. EA’s are typically easy to implement, and
work when sometimes nothing else will (Weise, 2017).
The principal of evolutionary algorithms is based on the process of natural selection (Soni, 2018). A
good result has it’s ‘genes’ passed on to the next generation, whereas a poor result does not, and dies
out. This ensures that results get better and better with each generational iteration, eventually finding
the ‘optimal’ result. EA’s are able to widely search a solution space easily, to return the idealised solution.
Though there may be more efficient methods to solving these problems, evolutionary algorithms have
proven to be robust, being thoroughly utilised in other optimal tensegrity research (Do et al (2016), Pilon
(2020)). For this reason, optimisation will be utilised for this research.
With a decision made about how to analyse the problem, the choice still remains as to what software
will be utilised. There currently exists an extensive range of engineering analysis software (e.g. Strand7,
Ansys, Spacegass, Etabs, SAP2000, Tekla etc.), so there is little in the way of limitations surrounding
analysis software. For optimisation, the possibilities are as (if not more) extensive, as an application is
not required, due to coding languages being sufficient to perform the analysis. From previous research
(Roth, 2016) it has been found that pairing an analysis software with an external optimiser becomes
computationally expensive, with very large periods of time required to perform an optimisation. For this
reason, ideally an analyser will be selected that can perform its own internal optimisation.
The decision was made that the software to be utilised for conducting design, analysis and optimisation
would be Rhinoceros 5 (Rhino), along with constituent extensions. Literature had shown that tensegrities
had previously been designed, analysed and optimised (for different purposes) utilising this software (van
Telegn, 2012). Rhino, being primarily a CAD based software, possesses an internal visual programming
language (Grasshopper) with an active community publishing free to access extensions. These extensions
take Rhino and Grasshopper from a dynamic design tool, to a versatile, all-inclusive software package.
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The extensions selected to be used are:
Kangaroo Physics 2 (Kangaroo2) – Kangaroo is a live physics-based engine, allowing for accurate,
interactive simulation and form finding of dynamic objects.
K2Engineering (K2E) – K2E interprets the position-based dynamics of Kangaroo2 and uses geometrically non-linear analysis (GNA) to determine the internal forces of the structure.
Galapagos – Galapagos is an inbuilt genetic algorithm found within Grasshopper. This program can
interpret results found within Grasshopper to return the optimal for given bounds.
This will allow for the structure to be modelled using the geometry available in Grasshopper, be
given materials and loads from K2E, allowed to form-find due to Kangraoo with the resultant loads being
iteratively solved and exported through K2E. The act of this will be displayed using Rhino, and can be
connected to Galapagos for optimisation. This process allows for the analysis and optimisation of the
tensegrity to be completed internally in a single piece of software. However, the issue of reliability still
remains.
Many of these products have been developed by a community, and may be incorrect. There is also no
guarantee that the extensions working together will produce reliable results. Due to the unknown accuracy
of the software, reliability testing or validation will be required to ensure the accuracy and precision of
the software and any subsequent computer models.

3.4

Validating results

Obtaining results supporting a claim is ideal for any research, however the data should always be verified to
ensure accuracy. Methods of data collection are as numerous and varied as the methods of validation. To
establish valid results, a comparison can be drawn using existing, reliable methods, or to existing results.
Methods that are considered reliable are typically used in practice, or have undergone a peer review
process. The same can be said for existing data and results. Determining an appropriate method or
dataset to compare to depends on the work that is being conducted. An appropriate first step would be
to replicate existing published results utilising the specified parameters. If the results achieved align with
what has previously been obtained, then an assumption can be made around the correctness of the model.
The following questions can be answered using this process:
• Does the software analyse the problem correctly and determine the correct results?
• How can the optimisation algorithm be tested?
• Does the tensegrity model work correctly?
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Using what has been stated previously, each one of these questions can be answered using a different
method. The software can be tested to ensure precision of results by creating a problem where the solution
is known, and observing if the same result is obtained by the software. The optimisation algorithm can
be tested in a similar way, by determining the optimal result for a known optimisation problem, to see if
the same result is obtained.
Both of these can be tested simultaneously. Utilising a 10-bar truss, what is considered to be a
“benchmark” structural optimisation problem (Hull et al, 2006), both the accuracy of the analyser and
the optimiser can be tested concurrently. The 10-bar truss problem (Figure 3.1) uses a truss consisting
of 10 members, supported at two points with two acting loads. There are a number of differing members
which can be integrated in each of the 10 positions, with a maximum overall deflection, and maximum
stress allowed within each member. Using these bounds, the objective is to find a combination of struts
which adhere to the constraints, but minimise the overall weight.
This has become a very commonly used problem (Rajeev and Krishnamoorthy (1992), Galante (1996),
Camp and Bichon (2004)), with the optimal solution being known. Knowing the optimal solution, the
10 members can be implemented within the model immediately to test if the K2E analyser correctly
determines the result. Following this, Galapagos can be used to optimise the problem, including all bar
selections to determine the accuracy of the optimiser. This process will be further described in Chapter 5.
With the analyser and optimiser validated, the following step is to build and validate a tensegrity model.

Figure 3.1: 10-bar truss problem
Establishing the accuracy of a tensegrity model is slightly different, but again is still similar to the
previous processes. Once a model has been established which appears to be working correctly, the geometry
can be adjusted to match that of existing work. Results can then be collected from the model, and
compared to the existing data. If a similar result is obtained, then a relative level of validation can be
concluded, however if the variation is too large, then the model would be considered to be invalid.
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The “skeleton” of the model will be constructed using the method described by Horikawa (2017), with
the model being further separated into individual parts. This is then linked with K2E, with boundaries
implemented. This is explained further in Chapter 5. To complete validation, the model geometry will be
adapted to match those found in literature, specifically the geometry outlined by Amendola et al (2014)
and Fraternali et al (2014).
Amendola et al built a physical tensegrity model and compressed the structure using several varying
geometries. These results were recorded and published. The same geometry was analytically modelled by
Fraternali et al, with comparisons being drawn between the two sets of results. A comparison can be seen
in Figure 3.2. These same results will be utilised to compare the results obtained by the Grasshopper, to
determine if a valid model has been developed.

Figure 3.2: Comparison of results for three differing tensegrity geometries (Fraternali et al, 2014)
With the completion of these validations, the assumption can be made that the model behaves correctly,
is returning the correct results, and can be optimised. This will allow for optimal tensegrity tests to
commence. However, validation will need to be completed on these results as well. The issue existing with
this process is that there (currently) exist no results to compare to for optimally pretensioned tensegrities.
Therefore, a results need to be obtained to compare to the computer simulation, to ensure that the results
are correct while also to ensuring model behaviour.
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3.5

Model behaviour

To ensure the optimised model result is correct, a test must be conducted to ensure that what is predicted
actually occurs. This requires a physical model to be constructed utilising the optimised results for a
specified set of geometric parameters and internal pretensions. A process for conducting this test has been
established previously (Amendola et al, 2014), and can be adapted for different material and geometry.
Material parameters will first be obtained, utilising established testing methods as prescribed in Australian Standards (SAI Global, 2020). These results can then be used in a model to predict the outcome of
loading the structure with prescribed pretension. The results of this model will be used for model validity,
in a physical compression of a constructed tensegrity model.
The model constructed will incorporate strain gauges to measure instantaneous changes in forces within
different components of the structure, and will have overall vertical deflection and load measured for the
experiments entirety. There will also be methods implemented (similar to Amendola et al (2014)) to reduce
friction. While the model will not entirely align with the physical test (due to fabrication inconsistencies
and unaccountable forces such as friction), the results will be as near as possible to the idealised model.
The testing procedure will be elaborated further in Chapters 8 and 9.
With the answers to these questions, an overall (generalised) methodology has been established. Each
of these individual methodologies will be further developed in the following chapters, however this gives a
structure moving forward to explore the question surrounding a tensegrities ability to resist compressive
loading.
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Chapter 4

Optimisation
In this chapter the concept of optimisation will be defined and investigated. This will first break down the
definition of optimisation, explaining the three key parts of an optimisation problem (objective function,
variables and boundary conditions), and how these components affect the final result. Additionally, this will
also examine the benefits of optimisation while additionally explaining why they are not always beneficial.
This will lead into investigating different types of optimisation, explaining how natural phenomenon have
been adapted and integrated within these algorithms to improve their effectiveness. Finally, the algorithm
selected (genetic algorithms) will be explored in more depth, while explaining how it will be applied to
the problem outlined in Chapter 3.

4.1

What is optimisation?

Optimisation is often defined as the operation of finding either the maximum or minimum value for a given
problem, dependant on the problem being examined. A factory might utilise optimization to maximise
productivity, while a logistics company will try and minimize the distance travelled for deliveries. The
outcomes vary and are often more complex than they first appear.
No matter the type of problem being optimised, the problem will always contain three key parts
(Stanford, 2014). These parts are:
1. The objective function – The output (or function) which is trying to be either maximised or minimized
2. Variables – The inputs for the problem affecting the value of the objective function. These are
manipulated to obtain either a maximum or minimum value
3. Boundary conditions – Constrain the problem, giving limitations to the problems variables
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Ultimately, the objective function is what is being optimised, with the end result (typically) being
either maximised or minimised. This objective function is dependant on the variables which affect the
result obtained. For example, if an vessel were to be made such that it held the largest possible volume
of liquid, the volume would depend upon the vessels dimensions, namely the width, depth and height.
These variables may be manipulated in order to determine what the optimal value may be. However,
constraining all of these variables are the boundary conditions. These values bound the problems in a
realistic manner, or can be used to simplify the problem. Using the shape volume as an example once
again, problem simplicity can be ensured by maximising the size of each individual dimension. However, a
realistic bound may be that only a specified amount of material exists to create the vessel, so the surface
area (also a function of the same variables) must be equal to or less than a set value.
It can be seen (from the previous example) that many possible combinations of variable may exist,
all returning a potential optimal solution. So long as the boundary conditions are satisfied, then each
value returned may be considered valid. All of these valid results create what is known as the solution
space. Somewhere within this space exists the optimal (or best possible) solution. Visualising this can be
difficult, so three examples are provided in Figure 4.1.

Figure 4.1: Three examples of optimisation problems with differing solution spaces (Academo, 2020)
Each of the problems presented specify the objective function, the variables, and the problem bounds,
as well as giving a visual representation of the solution space. Focussing on one specific example (Figure
4.1 (left)), this problem has an objective function where the value of z is to be minimised. Ideally, a value
for z will be found such that there are no other possible solutions which are smaller than the value found.
This function is controlled by the independent variables x and y, which are both in turn bounded between
the values of -20 and 20, giving the solution space indicated. The overall optimal solution for this specific
problem is quite simple, but can become more complicated depending on the complexity of the problem
space (as evidenced by Figure 4.1 (right)). What is observable from the functions in Figure 4.1 is that
many possible solutions exist with a key optimal value for each problem.
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Many methods exist to solve these problems, however for simplicity, we will initially separate these
methods into two categories (this is by no means a full representation of all the methods which exist).
These two categories will be separated into exhaustive search, and heuristic search. An exhaustive search
(also known as brute-force) examines all possible solutions for a given problem in order to obtain the
optimal solution (Wolfram, 2020).While simple and robust, exhaustive search is expensive to compute
(Rohrer, 2019). Comparatively, a heuristic search determines an optimum through iteratively improving
on existing solutions (Lu and Zhang, 2013).
Figure 4.1 (right) shows that there are two defining maximums, labelled local maximum and global
maximum. A local maximum is the maximum value for the immediately surrounding region , while a global
maximum is the maximum for the problem space. In a problem where the solution space is unknown (or
unexplored), there may exist many local optimums, which need to be ignored if the true optimum is to be
found. When a solution space becomes very large or topologically “rugged” (Kelly, 2017), both exhaustive
and heuristic search methods become insufficient, and alternative methods become required.
This topological space filled with hills and valleys must be navigated by a robust algorithm, able to
explore and locate the optimal value without optimising to a local maximum. To achieve this, scientists
have had to “. . . surrender to imperfection, inefficiency, and disorder” (Kelly, 2017). According to Goldberg
(1989), “where robust performance is required. . . nature does it better”.
Nature, over the course of millennia, has used evolution to overcome some of its greatest problems.
Utilising Darwin’s Theory of Evolution (Darwin, 1859), scientists have adapted evolution itself to develop
a robust method of solving complex analytical problems. Evolutionary algorithms utilise a variety of
phenomena found in nature to accurately solve problems in unique and disorderly ways. These algorithms
are based on different behaviours, whether it is the manner in which birds flock or the path that ants follow
in search of food, but the commonality is that they mimic evolutionary behaviour in nature. Through
studying and understanding natural phenomena, these algorithms have been developed to replicate the
optimal behaviour achieved through millions of years of evolution.

4.2

Adapting nature

Before we can adapt nature to an equation, it should first be specified that evolutionary algorithms do not
treat a problem as an evolving creature. What is being adapted is typically the behaviour of a population,
and how that population works together to achieve a goal. An example of this can be ants searching for
food. When a single ant finds a source of food, this information can be returned to the ant nest via a
pheromone trail, attracting more ants to the source of food. Another example may be the manner in which
fish school together. If a school works together, then there is additional safety from predators while also
having an easier time locating food. The way in which a population in nature interacts can lead to an
idealised solution if applied correctly.
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Figure 4.2: (left) A line of ants travelling along a pheromone trail (Terminex, 2020) and (right) a school
of fish swimming together (Smithsonian, 2014)
Using a specified population, these algorithms ‘explore’ a solution space in search of the optimal
solution. An initial population will randomly explore a solution space, returning what is known as a
fitness score. This fitness score is typically defined as the objective function, however, the fitness score can
be penalised if it breaches a boundary. This concept will be explained later. Based on the fitness scores
obtained, “good” traits will be passed along to the next generation, whereas “bad” traits will die out. This
process of reproduction and mutation allows for a thorough exploration of the solution space, returning
increasingly improving results until convergence is achieved. The initial search of this solution space tends
to be randomized, with the algorithm improving with each successive generation. The manner in which
the algorithm improves is dependant on the type of algorithm itself. As many algorithms exist, a brief
overview will be given on some of these algorithms, to show the manner in which natural phenomena have
been adapted. These three algorithms are particle swarm optimisation (PSO), ant colony optimisation
(ACO), and genetic algorithms (GA). It should be noted that the explanations for these algorithms is
simplified, relating how nature inspired each technique.

4.2.1

Particle Swarm Optimisation

Proposed by Eberhart and Kennedy (1995), PSO is based on swarm intelligence, such as the flocking
nature of birds, or the schooling behaviour of fish. This behaviour benefits every member of the ‘swarm’,
as the information shared improves the likelihood of finding food, whilst also improving the likelihood of
spotting potential predators or threats. Each individual member may act independently to achieve a goal
but can also rely on the swarm to act in the same goal-oriented manner. If these ‘goals’ are treated as the
objective function, then the swarm can work together to try and find the ideal result.
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The population of a swarm can initially search a solution space, trying to obtain an ideal solution. Each
particle in this swarm has a memory of the best solution it has found so far, but is also drawn towards
the swarm as a whole. If a particle finds a good solution, it will be drawn towards it, and influence nearby
particles towards this same solution. However, if the solution found is poor, then it will be drawn to a
better solution found by a nearby particle.

4.2.2

Ant Colony Optimisation

Initially developed by Dorigo et al (1991), ACO uses pheromone trails to obtain the shortest and most
direct solution to a given problem. In nature, ants will seek out food for the colony, and once found,
will lay a pheromone trail back to the nest. This pheromone trail can then be followed by other ants
back to the same source, with the pheromone trail getting stronger and stronger with each additional ant
travelling long the route. The shortest route between the location of the food and the nest will be found
by the ants, as shown in experiments conducted by Denubourge (1990). ACO adapts this behaviour, by
treating the distance to the solution as how well the solution fits the problem. If a solution is found with
a shorter distance, then a new, stronger pheromone trail is laid, enticing more ants from the population
to explore then new solution.

4.2.3

Genetic Algorithms

Genetic algorithms were originally proposed by Bremermann (1962) who originally considered the idea of
the ‘mating game’, based on the Darwinian theory of natural selection (1859). The idea behind natural
selection is that the more suited and organism is to its environment, the higher its chances are to survive
and procreate. As stated by Megginson (1963) “the species that survives is the one that is able best to
adapt and adjust to the changing environment in which it finds itself”. If a species (or organism) is able to
change or evolve to better adapt to its environment, will tend to procreate and pass these desirable traits
on to the next generation.
This is the concept behind the genetic algorithm. Treating the problems solution space as the environment, each member of the population is a solution to the overall problem. The better the solution, the
higher the chance that the organism has to pass its desirable traits on to the next generation. Through
breeding and mutation, undesirable traits (or poor solutions) are bread out of the population, and desirable traits (or those resulting in the best solutions) are continually passed on to further generations. This
allows the species to best adapt to its environment, and determine an ideal solution.
These are but a few of the techniques which have been developed to solve more complex problems. As
outlined in Chapter 3, a selection has been made as to the software being employed (Rhino/Grasshopper)
due to an internal optimisation algorithm existing within this software package. Galapagos (the internal
optimisation software) utilises a genetic algorithm, and for this reason (as well as reasons outlined further
in Chapter 4), genetic algorithms will be the method used for all further optimisation within this research.
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4.3

Application of Genetic Algorithms

As previously mentioned, a genetic algorithm is specifically focussed on the transfer of genetics which
are passed from one generation to the next. Each individual result (also known as a chromosome) has a
fitness associated with it, related to the objective function, with results of a higher fitness having a larger
likelihood of reproducing, passing genes onto the next generation of chromosomes. Each chromosome
contains a sequence of “DNA”, which is represented by a binary string of ones and zeros. This binary
string is defined by the input variables associated with each chromosome. An example of this can be seen
in Figure 4.3. This binary string represents all the traits associated with chromosome, and allows for the
transfer to the new generation. Populating the next generation occurs in two different ways. These are
through crossover and mutation.
Crossover appears to be defined in several different ways, with each explanation still allowing for the
transfer of DNA. Affenzeller et al (2009) explains the crossover as a section of binary code from one parent
crossing over with a piece of binary code from another parent, creating the child, a member for the new
generation. The remaining code from each parent is then spliced together to form an additional child.
However, MATLAB (2015) explains crossover as common binary bits from each parent being passed on,
with remaining binary bits filled in randomly. Both of these can be seen in Figure 4.3. While each approach
is slightly different, they both result in DNA transfer

Figure 4.3: Examples of genetic evolution between generations
The other method for the transfer of DNA is mutation. For mutation, a single parent chromosome is
selected, and a portion of the binary string mutates randomly. This randomness removes the likelihood
of the algorithm stagnating at a local optimum, allowing the algorithm to continue to search the solution
space for an improved answer, while still improving existing results.
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Genetic algorithms typically allow for the adjustment of the rates for these occurrences. Interbreeding,
mutation rates, replication and population size are controlled figures which can be manipulated depending
on the problem. Higher mutation rates induce more randomness, allowing for a greater exploration of
the solution space but slow convergence considerably. A higher level of interbreeding obtains convergence
quickly, but can result in a higher chance of determining a local optimum. Replication carries fitter
solutions over to the next generation, but if the replication rate is too high then diversification can be
limited. Population size increases the number of chromosomes in each generation. A large population size
increases the search space, but also reduces the rate of convergence. These parameters all have a trade-off,
there is a benefit to them which is offset with a cost. Each of these variables needs to be finely balanced
to achieve a benefit while not creating too great a limitation on the overall optimisation.
When it comes to determining an optimal, the boundary conditions limit the physical region searchable,
but there is often a further bound based on the solution. An example of this is seen in Equation 4.1.
maximize

z = x2 −y 3 + 3xy

subject to

0≤ x ≤ 10

(4.1)

−1≤ y ≤ 5
7≤z
While the problem has everything expected of a typical optimisation problem (objective function,
boundary conditions and variables) there is an additional bound relating to the objective function, not
the variables (i.e. 7 ≤ z). For this reason, it creates a separation in the solution space. This has been
described by Sanen et al (2009) as a problem space and solution space. The problem space is bounded by
the variables giving an initial search region, whereas the solution space is the region of feasible solutions
determined by all boundary conditions. An example of this can be seen in Figure 4.4. Moving forward,
this will be the terminology used to define these two different regions.

Figure 4.4: Difference between a solution space and a problem space
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Distinguishing between these two regions is simple, with one adhering to all the boundary criteria,
and one not. This can be treated as a simple pass fail; however, this does not assist the algorithm with
determining a better result. To improve this, a penalty function is implemented. This converts the problem
from a constrained optimisation problem to an unconstrained problem (Stanford, 2014). The purpose of
this is to penalise the fitness function for violating the boundary conditions, with the penalty increasing for
more severe breaches, while still returning a non-zero result for the fitness function. This serves to guide the
algorithm toward the solution space as the algorithm attempts to improve with each successive generation.
If an improvement is made in the direction of the solution space, then the penalisation decreases in severity,
and continues until the solution enters the solution space.
These penalisations need to be determined carefully, for while trying to guide the solution towards
the solution space, if the penalisation is too weak or to strong, adverse consequences may arise. Strong
penalisation can potentially result in a fitness function being less than zero and may not assist in guiding
the function from the problem space to the solution space. However, if the penalisation is too weak, the
algorithm may abuse this fact and converge to a penalised result outside of the solution space, as the
penalised solution has a better fitness than the optimal. While penalisations can be constant, a variable
penalty can gradually increase or decrease based on the algorithms distance from the solution space,
guiding the solution in the desired direction. These penalisations are discussed further in Section 6.1.
Genetic algorithms are versatile, with applications being found in many different fields of research.
Some of these applications include discrimination of rosé wines based on origin (Gil et al, 2020), predicting
the erodibility of soil from the effects of wind (Kouchami-Sardoo et al, 2020), and optimising the shape of
thin wall beams for automobile bodies (Ma et al, 2020). There is no single application for the algorithm,
indicating its robustness.

4.4

Remarks

Considering the versatility and adaptability towards problem solving, the assumption can be made that
genetic algorithms would be ideally suited towards optimising a tensegrity structure. Past research has
shown that genetic algorithms have been successfully applied to tensegrity research (Do et al (2016), Pilon
(2020)), though applied in a different manner. It is therefore safe to assume that the implementation of
a genetic algorithm would be successful for optimising load capacity. Understanding genetic algorithms is
important moving forward, however as the optimiser (Galapagos) already exists within the chosen software
(Rhino/Grasshopper), it is important to determine if this optimiser functions as expected, in accordance
with what has been outlined so far in this chapter. Furthermore, if this algorithm is to be used, then the
model depicting the problem must first be built. As such, before any optimisation can be completed, the
software must first be tested for reliability, and the model developed within that software must also be
tested for accuracy.
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Chapter 5

Modelling a tensegrity
In this chapter, the concept of modelling is explored. This is broken up into four key parts. The first part
will examine what modelling is and it’s importance, both mathematically and computationally. Following
this, a tensegrity will be broken down into a series of mathematical parameters suitable for modelling.
This information is important, as the model will use this as a bounding structure to determine a final
result. Thirdly, the modelling software which is to be utilised will be explained, examining its operation
and validity. Finally, all of this information will be combined to build a computer-based tensegrity model.
This model will then be validated, by comparing results against published findings.

5.1

What is a model?

The definition of a model differs greatly depending on context. Generally, a model is a way in which to
represent something, whether that is an object, a system or a thought. The model of an object could be a
sculpture of a person, or a miniature of a building. The model of a system is a way of showing how a group
of elements are interrelated to perform a given function (Systems innovation, 2018). An example of this
may be thinking about the development of a product, from raw material to sale, and all the steps resulting
in that final product being constructed. Modelling thought is more difficult, however may be thought of
as a process which may be followed to come to a desired outcome or result. This could be exemplified
with the solution to a mathematical equation, or the process of developing an essay. Whatever it is that is
trying to be explained, a model is a way of representing the explanation in a simplified or general manner.
The specific context of the model in question is the second example, that of modelling an interconnected
series of elements. This type of representation can be undertaken in a variety of ways (depending on what
is being modelled), however for the specific task of modelling a tensegrity, this will be attempted both
mathematically and using a computer simulation. Each of these processes are similar, with the computer
model relying heavily on the results of the mathematical model, but before this can be achieved, we should
first understand what each of these models are.
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5.1.1

Mathematical modelling

A mathematical model is a simplification and translation of a process into the mathematical language.
“Mathematics is a concise language, with well-defined rules for manipulations” (Marion and Lawson, 2008).
Through the application of mathematics, assumptions can be made about a process, and known methods
can be adapted to control and solve what are often considered to be complex problems. These methods
and assumptions will represent the behaviour of the model in question as accurately as possible, and will
often restrict the function or solution, so as to best mimic the natural behaviour of what is being modelled.
The restrictions that are often placed on a model are:
• Initial assumptions
• Boundary Conditions
• Objective Function
These restrictions can be put in place for a variety of reasons, including simplifying the model, or
to ensure accuracy. Some of these principles have been mentioned previously but will now be explained
further.
Initial Assumptions
The initial assumptions placed on a model are often done to restrict your modelling space, but also to
simplify the modelling process. Some of these initial assumptions may be:
• Friction is negligible
• Air resistance is ignored
• Mass of the object is ignored
• Material is homogeneous
Though these principles often impact the behaviour of the system in question in different ways, sometimes these assumptions are made as the effect of one of these principles will often be so small that it will
make no significant difference to the overall solution. This assumption will of course vary depending on
the scale of the system. Take for example the deflection of a beam, with a force acting at the centre of
the beams span. If the beam is made of a lighter material (e.g. balsa wood) and has a smaller span (e.g.
400mm), then the effect that the beams mass will have on the overall deflection will be negligibly small,
so the assumption can be made that mass can be ignored. However, the same assumption may not be
made if the same problem is scaled up. If the material is heavier (e.g concrete) and the span is large (e.g.
6000mm), then the mass will have an impact on the central deflection. The initial assumptions made are
typically included to simplify the problem in an insignificant way, as to include the effect may be time
consuming and complex, and result in minute change to the final result
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Boundary Conditions
As stated previously, the model is considered a series of interconnected elements. Each of these elements
(or variables) themselves have a specified bound within which they can operate. The limits on these
variables are the same as those that exist in the real world, for example, if a variable time (t) were to be
used, then a boundary placed on that variable would be that t > 0, as time cannot be negative. The same
limits may be placed on other physical properties of elements, such as the amount of stress on a strut, or
the amount of elongation in a cable. If these values become too large, then the object will ultimately fail.
Therefore, the bounds placed on variables try to reflect the limitations which exist in reality.
Objective Function
Bounds are not limited to the constituent parts of the solution but may also be applied to the solution
(or objective solution) itself. A result may be found where the variable boundary conditions may be
satisfied, but the solution is insufficient. It may be that the solution has no basis in reality (in which case,
the problem is likely insufficiently bounded), however depending on the solution being sought, physical
limitations may be needed. For example, a cantilever is required to be made of a specific cross-sectional
shape (with forces being variable), where the maximum length of that cantilever is desired. For higher
forces, the cantilever length will be shorter in which case an ideal length can be determined. Conversely,
when a lower force is used, the length of the beam will increase accordingly. An optimal length can be
determined; however, a maximum limitation may be placed on fabrication length. If this is so, then an
upper bound will be required for the objective function. Bounding a solution is dependent on the solution
being sought but is sometimes necessary.
With the ability to limit the problem, the method of solving the model still remains to be answered.
The method of solving is dependant on the complexity of the problem itself and can either be solved
analytically or numerically. Ideally, analytical solutions are ideal, however are only typical for simple
problems, involving “one equation or a system of linear equations” (Doeschl-Wilson, n.d.). For more
complex problems, numerical methods are more common, and often involve the use of computers.

5.1.2

Computer simulation

A computer simulation (or computer simulation model) exploits the processing power of a computer to
approximate the behaviour of a mathematical model. This is accomplished through iterative techniques,
where the state of the system is determined based on initial inputs in a step-by-step process. The computer
can calculate the state of the system at time t followed by the solution at time t + 1 (Stanford, 2014).
If the difference in solution is too great, then the iteration continues until convergence is obtained. Each
iteration can run hundreds or thousands of times until a final solution is achieved.
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Computer simulation, though used to obtain a given solution, should not just be viewed as a manner
in which to solve a problem, but as a way to examine the whole system. “Successful simulation studies do
more than just compute numbers. They make use of a variety of techniques to draw inferences from these
numbers.” (Winsberg, 2010). While obtaining the solution is important, understanding why the chosen
solution has been selected is of equal importance, as well as examining the validity of the solution. These
processes are often overlooked, with blind faith being placed in the computer model. Mathematical proofs
give reason for trusting the solution methods for a mathematical model, however there is no similar proof
existing for computer models. For this reason, results obtained via computer simulation should always be
scrutinized.
“Unlike simple computations that can be carried out on a computer, the results of simulations are not
automatically reliable. Much effort and expertise goes into deciding which simulation results are reliable
and which are not.” (Winsberg, 2019). While a simulation is capable of determining the correct answer,
a modeller has the ability to obtain any desired solution through manipulating the initial assumptions,
and weighing the value of each variable (Dodgen, 2007). Mistakes may also be made, invalidating the
results obtained. Ultimately, the simulation is only capable of solving for the parameters provided. For
this reason, a simulation’s findings should always be questioned, and if possible, validated before being
trusted.
While trust in a model can be substantiated, some refute the validity of modelling entirely. As stated
by statistician George Box, “all models are wrong, but some are useful”. This has been interpreted to
mean that a simulated model is no true substitute for reality, but interpretations can be made from a
simulation which impact our understanding of what is being modelled (Turney, 2013). What should be
taken from this is that while modelling is questionable, being based on the assumptions and boundary
conditions initially enforced, it is useful for understanding the behaviour of systems, and if in fact they
can be validated, then reliability can be placed in their predictions.

5.1.3

Importance of modelling

Given the problematic reliability of modelled results, the question remains as to why modelling is important. As previously stated, modelling is a representation of reality. It is a manner to visualise that which
does not yet exist, or to understand the effects of a system. “We build models so that we can better
understand the system we are developing” (UML 2.0, 2020). Modelling allows a problem to be broken
down into a series of parts, before exploring how those parts impact one another. Bounds may be placed
on each element individually, before an exploration is made as to how those individual bounds affect the
system.
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As stated in the UML Guide (2020), humans are limited in their ability to interpret complexity. If the
overall problem is to be solved immediately, the numerous possibility’s for the solution can often result
in an inundation of thought and information. “You’re looking at the big picture at first but nothing
productive happens. Before you know it, you’re lost in details and can’t expand your focus, which leaves
you feeling frustrated and overwhelmed” (Tabaka, 2019). Through dividing a problem into a series of
smaller, manageable elements, complexity is limited, making the problem easier to understand. This
methodology allows for a more complex solution, by tackling each element one-by-one.
The benefits to modelling are obvious, and literature has shown that tensegrities are capable of being
simulated using computer software. Due to the complexity of modelling tensegrities analytically, it is
therefore beneficial to utilise simulation software. However, it is also clear that computer simulations
require validation to ensure accuracy, without which results can not be considered reliable. Therefore, it
is imperative that for any selection of software, it must be proven efficient and trustworthy.

5.2

Developing a computer model

Developing an accurate computer model is mostly related to the development of the model itself, but
consideration should also be made about the software being used, and whether it is right for the job. Many
software are capable of performing analysis which is typically sufficient, however if further examination is
required, then the software should also be suitably capable of performing this task, else additional software
is required. Knowing that a tensegrity analysis is required in addition to an optimisation, an ideal software
to use would be one that can perform both of these tasks.
Previous research has found that analysis software can be paired with additional programs to perform
an optimisation (Roth, 2016), however this process can be computationally expensive due to the time
take to continually transfer information from one software to the other. Ideally, this process should be
eliminated, with both analysis and optimisation performed within a single software package to improve
efficiency.
As stated in Chapter 3, a decision was made to use the software Rhinoceros 5 (Rhino). This decision
was made due to the capability of Rhino to both analyse and optimise a structure without the aid of
additional software. Additionally, literature indicates that others have had success replicating the effects
of tensegrity structures within Rhino (Horikawa (2017) and van Telegn (2012)), which supports the specific
use of this software. Finally, the addition of community developed extensions and an integrated visual
programming language (Grasshopper) transform Rhino (a CAD based modelling software) into a versatile,
multi-faceted design and analysis software.
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While the analysis completed by van Telgen (2012) was conducted external to Rhino, it is desirable
to complete any analyses within Rhino itself. This requires the addition of an extension. While many
different extensions exist (Karamba, Concha etc.), the extension utilised for this research is K2Engineering
(K2E). While different extensions were examined, K2E was found to work with the physics engine Kangaroo2, which Horikawa has successfully used to mimic tensegrity behaviour. The framework of Horikawa’s
approach was utilised to develop a basic tensegrity structure, which K2E was able to connect with, quickly
(and reliably) returning results from the analysed structure. Due to the analysis software existing within
Grasshopper, it is able to be integrated with Galapagos (Grasshoppers inbuilt optimisation engine).
Evidence suggests that Rhino is capable of simulating the effects of tensegrity structures, though it
is still desirable to ensure the accuracy of the software. This is of particular importance for the analysis
software being utilised (K2E), as it will be a community developed extension and thus requires scrutiny.
Additionally, the optimisation engine (Galapagos) requires investigation, to ensure that it can obtain a
correct result while also working in conjunction with the analysis engine.
To test this, a ‘benchmark’ optimisation problem is employed to test these results. The benchmark
problem selected is the 10-bar truss (as indicated in Chapter 3) and is selected for two distinct reasons.
Firstly, the problem has been used extensively in past research to test the effectiveness of optimisation
algorithms. This is due to the large problem space available, but also because the solution is already known.
This allows for the robustness of algorithms to be tested. Secondly, due to previous work conducted, the
problem is familiar, making the model building and testing process easier. The application of the 10-bar
truss problem will allow for the software to be tested from multiple perspectives. If the optimal variables
are inputted, then the correct (optimal) solution should be obtained, validating the analysis software. In
addition, using Galapagos and K2E to solve the 10-bar truss problem will ensure that the two can be
paired successfully, and also ensure that Galapagos is capable of determining the optimal solution. The
utilisation of this problem will therefore examine a multitude of aspects surrounding the validity of the
software.

5.2.1

10-bar truss

The 10-bar truss problem (as seen in Figure 5.1) consists of a cantilevered truss consisting of ten members.
The truss is secured by two pin-jointed supports, with two point loads acting downwards (P1 and P2 ).
Due to the problem parameters initially being in imperial units, all values have been converted to metric.
The lengths L are 9144mm long (360in.), and the forces P1 and P2 both being 444.822kN (100kips).
All material has a Young’s Modulus of 68.95GPa, with a material density ρ of 2768kg/m3 . 41 different
cross-sectional members can be selected from to be used in each of the 10 positions, giving a problem
space of 1.342×1016 potential results. These cross sections of the potential members range in size from
1063.484mm2 to 2161284mm2 .
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Figure 5.1: Layout for the 10-bar truss problem

The objective of this problem is to find a combination of 10 members with a minimal overall mass,
with the overall structure deflecting less than 50.8mm, and the axial stresses in all members not exceeding
172.37MPa. As previously stated, this problem has been used a multitude of times to test the validity
of varying algorithms. Table 5.1 indicates some of the obtained solutions with the algorithm employed
to determine that solution. It should be noted that these solutions all found the same solution for the
10-bars (i.e. which bars go in which positions), however the optimal masses differ. This may be due to
the cross sections used differing slightly. Though variability in the optimal mass does exist, the solutions
give a good range as to what the optimal value should be.
Table 5.1: Published solutions for the 10-bar truss problem
Author

Mass (Kg)

Algorithm

Rajeev et al

2546.39

Genetic Algorithm

Galante

2475.84

Genetic Algorithm

Camp et al

2490.56

Particle Swarm Optimisation

Camp and Bichon

2490.56

Ant Colony Optimisation

Given the initial data and possible solutions, the model can now be constructed. Given the relatively
few bounds placed on the problem, and the simplicity of calculating mass, the model can be derived as:
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maximize

M=

10
X

ρAi Li

i=1

subject to

0< σi < 173.37M P a

(5.1)

0< δ < 50.8mm
1063.5mm2 ≤ Ai ≤ 2161284mm2
Given that the mass, stress and deflection are all found through solving the problem, the only variable
affecting the solution is the ten cross sectional members, Ai . This allows for a model to be constructed,
with 10 variable inputs for each member. Using this information, a computer model can be constructed in
Grasshopper for simulation. The geometry of the truss is first developed, allowing for the cross sections of
each of the 10 bars to be chosen from a list of 41 different members. Once the force is included, the model
can be solved, and the deflection, axial stress and mass can be checked. The model that is developed using
Grasshopper can be seen in Figure 5.2.

Figure 5.2: Grasshopper code for the 10-bar truss problem
A penalty function is implemented for breaching the deflection and stress conditions, giving a final
‘penalised’ mass. This final value feeds into Galapagos, which in turn controls the variable inputs for the
10 bars. With the model constructed, the validity of the model itself can now be investigated. Firstly,
by inputting the optimal variables, the results shown in Table 5.2 are obtained. It can be seen that the
results obtained are similar to those published in literature, with a small degree of variance. This variance
may be due to the cross-sectional area of the members. Small variances in the cross section would alter
the overall mass and axial stiffness, and changes in the cross section would affect the second moment of
area, thus altering the deflection. This is likely the cause for the variation in results. With this being
said, the variation in results is less than 0.5%, and as such can be considered acceptable. Therefore, it is
assumed that the model can correctly analyse the structure.
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Table 5.2: Comparison of obtained results
Camp et al

Camp and Bichon

Grasshopper

Mass (Kg)

2490.56

2490.56

2495.09

Deflection (mm)

50.76

50.76

50.66

Axial Stress (MPa)

96.84

96.84

97.27

Following this, an optimisation is run using Galapagos. The optimal result for each generation was
recorded, with the convergence diagram being shown in Figure 5.3. It can be seen that the number of
generations required to obtain convergence was quite high. This number can be reduced and made more
efficient through adjusting algorithmic parameters. However, as efficiency of the model is not currently
being sought, this was not investigated further. What was found is that the model was able to obtain
convergence to an optimal mass for the truss structure.

Figure 5.3: Convergence of the 10-bar truss solution using a genetic algorithm
Interestingly, the value which was obtained was smaller than previously published work. The optimal
value found was 2489.47Kg, slightly lower than what was found by Camp et al and Camp and Bichon.
The reason for this improvement was due to the problem bounds. As seen in Table 5.2, the deflection for
the optimal model is 50.76mm, however when the same model was inputted in Grasshopper, a calculation
of 50.66mm was found. This allowed the Grasshopper model to optimise further, with this improvement
showing that Galapagos can determine an optimal result correctly. Knowing this, Galapagos can be
considered a reliable form for determining an optimal result, while also showing that the analysis engine
K2E and Galapagos can be interfaced with one another accurately.
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This validation shows that this analysis and optimisation process can be considered correct and can be
used for modelling. Knowing this, the tensegrity model may now be constructed within Rhino with the
assumption that any further analysis can be conducted reliably. For this process to be completed (however),
further breakdown regarding tensegrity geometry is required. This is necessary to better understand the
manner in which tensegrities are labelled and connected, to determine how individual component lengths
are calculated, giving the fundamental information needed to begin modelling a tensegrity accurately.

5.3
5.3.1

Modelling a Tensegrity
Fundamental geometry

It is worth noting that for the purposes of this research, the tensegrities examined will be 3-bar tensegrity
cells (as mentioned in Chapter 2). This has been selected to limit structural complexity to a single
geometry, rather than trying to encompass multiple geometries or a generalised geometry. Before an
examination of the nature of these tensegrity structures is undertaken, the geometry itself will first be
described, so as to better understand the naming conventions employed.
The 3-bar tensegrity is the simplest form of 3-dimensional tensegrity structure (Skelton, 2001), comprising of three struts, resulting in six nodes. Three of these nodes will exist on a base plane, spaced
equidistantly from one another forming an equilateral triangle. The other three nodes will also create an
equilateral triangle offset from the base plane by a distance h, forming the top plane. The offset distance
(h) exists such that h ≤ LS , where LS is the length of the struts. If h < LS , then the nodes forming the
equilateral triangle on the top plane will rotate by an angle θ to allow the struts to be angled. The nodes
on the base layer will be denoted using numbers (1, 2, 3), with their corresponding nodes on the offset
plane denoted using similar notation (4, 5, 6), with nodes 1-4, 2-5, 3-6 being connected via a strut. All
nodes in their corresponding planes will be connected to the other nodes via cables, and three cables will
also connect the top and base planes, with each node having only one of these cross plane cables. The
layout of this geometry can be seen in Figure 5.4.
All struts and cables can be denoted using this nodal layout (e.g Stut 1-4), however due to the structural
symmetry, this is rarely required. Rather than denote the individual elements, they shall be denoted as the
struts, horizontal cables, and vertical cables. The horizontal cables are the elements existing in either the
top or bottom planes, and the vertical cables (while not explicitly vertical) are the cables connecting nodes
between the top and bottom surfaces. As the model is idealised and symmetric, the forces experienced
within the horizontal cables is assumed uniform, as are the forces in the horizontal cables and the struts.
Understanding the geometric layout of the structure, an examination of behaviour can now be conducted.
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Figure 5.4: Tensegrity structure (left) plan view and (right) side view
As stated in Chapter 2, tensegrities exist in a state of equilibrium, however the geometric state of this
equilibrium needs to be known. Is equilibrium obtained when the struts are perfectly vertical, or when
the vertical cables are vertical? Or is it somewhere in between. Understanding this equilibrium position
will give the initial starting geometry for any 3-bar tensegrity (assuming that the structure is symmetric).
The state of initial equilibrium has previously been found analytically by Burkardt (2004) and Motro
(2003). These models, though comparable, approach the problem from two different directions: one
using cartesian geometry, the other using polar geometry (see Table 5.3). Though methods differ, results
obtained are identical, though one appears more simplistic. An initial set of coordinates can be seen in
Table 5.3, with working available in Appendix A. Through following this procedure, both Burkhardt and
Motro’s calculations result in an equilibrium state occurring at a rotational angle of θ =

5π
6 .

Using these

same coordinates, it is simple to show that the length of the strut LS and the vertical cable length LV
can be represented as shown in Equations 5.2 and 5.3 (See Appendix A for derivation).

LS =

q
√
r2 (2 + 3) + h2

q
LV =

r2 (2 −

LH =

√
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√

3) + h2

3r

(5.2)

(5.3)

(5.4)

Table 5.3: Comparison of cartesian and polar coordinates
Cartesian Coordinates

Polar Coordinates

Node
X
1
2
3
4
5
6

LS
√
3
−L
√S
2 3
−L
√S
2 3
LS cos(θ)
√
3
cos(θ)
−LS
√
)
2 (sin(θ) +
3
cos(θ)
LS
√
)
2 (sin(θ) −
3

Y

Z

Radius

0

0

LS
2
LS
2
LS sin(θ)
√
3
sin(θ)
LS
√
)
2 (cos(θ) −
3
sin(θ)
−LS
√
)
2 (cos(θ) +
3

Angle

Height

r

0

0

0

r

2π
3

0

0

r

4π
3

0

h

r

θ

h

h

r

2π
3

+θ

h

r

4π
3

+θ

h

h

Figure 5.5: Physical tensegrity model with (left) top view and (right) side view
However, before further examination can be undertaken, it is important to know if this result is indeed
correct, in that the mathematics is reflecting reality. To confirm this, a simple tensegrity model was
constructed using 500mm timber struts and 0.6mm fishing line cables. Figure 5.5 shows the finished state
of the structure. This physical model was intended to approximately show that the angle of rotation, and
subsequently that Equations 5.2 and 5.3 are correct, considering the imperfections present.
It is evident from Figure 5.5 and Table 5.4 that imperfections exist, specifically in the strut/cable
lengths, and the manner of cable fastening. While these imperfections exist, the structure is intended as
an approximate representation, so slight errors are to be expected. Despite these irregularities, it is still
possible to determine the strut lengths, cable lengths and angle of rotation. Obtaining the strut and cable
lengths is simple through physical measurement, however obtaining the angle of rotation is more difficult.
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To achieve this, a photo is taken from the top of the structure, with parallax error affecting the
apparent size of the base nodes. This image is digitized, the base rescaled, and then converted to digital
(2-dimensional) coordinates so that the angle of rotation can be determined. Images of this process are
indicated in Figure 5.6, with the process being repeated several times so as to confirm the results obtained.
All measurements (physical and digital) are recorded five times, with the average result being taken. As
only a single value is required for strut length, vertical and horizontal cable lengths, an overall average is
taken as this single value. The results of these measurements indicated in Table 5.4.

Figure 5.6: Estimating the geometry from a physical tensegrity structure

Table 5.4: Comparison of measured and calculated results
Variable

Min. Measurement

Max Measurement

Average

Calculation

Strut LS (mm)

480

480

480

N/A

Vert. Cable LV (mm)

440

460

448

454.007

*Horiz. Cable LH (mm)

115

165

145

N/A

Height h (mm)

440

470

452.67

451.93

152.28

152.64

152.39

N/A

◦

Angle of Rotation θ ( )

70

What is firstly evident from the results is similarity between the expected angle of rotation (θ =

5π
6 )

and what was obtained (152.39◦ ). The slight disparity between values can be attributed to small errors
in converting the image to digital coordinates, but mostly due to the asymmetry in the model. This
measured angle of rotation was used within Equations 5.2 and 5.3 to determine a more accurate strut and
vertical cable length. Once again, though disparity is seen in these results, the values are quite similar.
Due to model asymmetry the results obtained from Equations 5.2 and 5.3 are not expected to be precise,
however, given the similarity that is obtained, the assumption is made that these equations are considered
reliable and can be used in further modelling. With basic geometric calculations obtained (and validity
checked), preliminary computer modelling can commence.

5.3.2

Digitizing tensegrity geometry

To construct a model, all development is conducted through Rhinos inbuilt programming language Grasshopper. Grasshopper is a visual programming language, meaning that rather than typical coding used to
construct an algorithm or function, Grasshopper uses many components that are interconnected to create
an object. An example of this can be seen in Figure 5.7, where a few basic components (once connected
together) can create a complex structure with simplicity.

Figure 5.7: Example grasshopper code (left) and corresponding geometry (right)
While the example given in Figure 5.7 is more complex, Figure 5.8 demonstrates in a more simplistic
manner how the code operates. Figure 5.8 (left) displays code for two cartesian coordinates (Pt) connected to the line component. A line is then created between the corresponding points and displayed
in Rhino (Figure 5.8 (right)). This principle of interconnected components is the fundamental manner
in which Grasshopper operates, and the way which the modelling (moving forward) will be completed.
As Grasshopper is a part of Rhino, moving forward, Rhino will refer to the software being used, and
Grasshopper will refer specifically to the internal programming language.
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Figure 5.8: Example of the Grasshopper code (left) with the corresponding visualisation in Rhino (right)
As an established method exists for constructing a tensegrity within Rhino (Horikawa, 2017), this
method will be replicated to develop a fundamental geometry. The model developed by Horikawa (see
Figure 5.9) gives a point from which to start, however adaptations are required. Firstly, the physics
engine used is Kangaroo, the precursor to Kangaroo2. Secondly, Horikawa’s model gives fixed geometry,
which is not desirable. The geometry needs to be easily altered to perform different analyses. Slider bars
are therefore integrated within the computer model to adjust the initial geometry of the structure. The
primary design parameters affecting this are strut length LS and radius r. Finally, the model geometry
outlined by Horikawa does not begin at equilibrium (i.e. θ =

5π
6 ),

but rather begins at θ =

2π
3 .

Figure 5.9: Tensegrity model development (Horikawa, 2017)
Altering this starting rotation is simple, however, before this is completed, the model is simulated with
pretension applied to the cables. The effect of this pretensioning is shown in Figure 5.10, with rotation
being measured. It is found that the structure converges (or reaches an equilibrium state) at a rotation of
149.999◦ , which matches the expected rotational equilibrium of θ =

5π
6 .

This gives initial verification that

the software is capable of replicating (accurately) the dynamic movement of a tensegrity structure.
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Figure 5.10: Comparison of initial and equilibrium geometry
Given Equations 5.2 and 5.3, the intitial parameters (LS and r) are sufficient to calculate the height h
between the base and top planes, resulting in full geometry being determinable. While Horikawa’s model
generates connections between many nodes simultaneously through feeding multiple data points into single
commands, a more rudimentary approach is taken for modelling the tensegrity, due to there being more
control over each individual component (desirable when results from each element are required). For this
reason, the coding becomes more complex, but no less accurate.
Finally, the K2E engine is connected, obtaining data directly from Kangaroo2 to generate results.
Additional number sliders are added to integrate variable material parameters within K2E, variable compressive and pretensile loads are added, and node restraints are also integrated. The restraints placed on
the base nodes define one node as a fully fixed pin joint, with the other two base nodes being restrained
pin joints capable of movement in the x-y plane (i.e. parallel to the base plane). When the structure
is loaded in compression, this will allow for the non-orthogonal struts to compress downwards, with the
base structure expanding outwards. Distinguishing which node is fully fixed is irrelevant as the structure
is symmetric. The compressive load applied to the structure is divided evenly amongst the three top
loads, applying three separate vertical point loads of 13 P to each of nodes 4, 5 and 6. The pretensile loads
are applied assuming that the structure is symmetric. Therefore, all horizontal cables receive identical
pretensions, and all vertical cables also receive identical pretensions. It may have been noticed that there
has been no mention of boundary conditions or the Galapagos being included within the computer model.
These will be added later as they are not currently required.
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The resulting code for this structure is shown in Figure 5.11, with a more detailed view available in
Appendix B. While the code is important, a summary of the important parts can be seen in Figure 5.12,
with the controlling number sliders (left), representative geometry (middle) and rendered model (right).
It should be noted that the values shown in Figure 5.12 (left) do not correspond with the Rhino’s visual
graphics (Figure 5.12 (centre and right)). These images were intended for descriptive purposes only.

Figure 5.11: Grasshopper coding for a tensegrity structure

Figure 5.12: Model variable number sliders (left) controlling geometry (centre) and rendering (right)
Given the model construction, when loads are applied the structure initially appears to react in an
expected manner. This behaviour has been outlined in more detail in Chapter 2. When a compressive
load is applied, the structure deflects downwards with nodes splaying outward in addition to the top plane
rotating. The distance between struts reduces, an indicator of the structure is approaching a state of
locking. The inclusion of pretensile forces within the struts reduces this deflection, as would be expected.
These results indicate that the model is behaving in an expected manner. Therefore, validation testing
can be undertaken to determine if the modelled tensegrity will mimic the nature of a physical tensegrity
structure accurately.
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5.4

Validating the model

To ensure the validity of any findings utilising the tensegrity computer model, it first must be confirmed
that the results obtained are reliable. As such, the model must be tested against existing results. Preferably, these results should not be obtained from modelling themselves, as there may be no substantiating
evidence confirming that they are correct. To validate the model, results will need to be compared against
experimentally obtained results, as these have been gathered from a physical model and thus accurately
represent the behaviour of a tensegrity structure.
Rather than perform laboratory testing, data was sought from literature. It was found that Amendola et
al (2014) obtained experimental findings when investigating the softening-stiffening response of tensegrities.
Both initial parameters and final results are well documented and are sufficient to integrate within the
computer model for direct comparison. The results obtained by Amendola et al were determined from
several experimental tests. Of these tests, three were selected for use in validating the computer model,
as these specific tests use identical starting geometry with differing initial pretension.

Figure 5.13: Experimental setup of a compressed tensegrity structure (Amendola et al, 2014)
These structures were assembled using M8 threaded bar (Grade 8.8) with a nominal cross section
of 36.6mm2 and a Young’s Modulus of 203.53GPa. The cables consisted of 200lb (90.72Kg or 0.89kN)
Shimano fishing line, with a 0.76mm diameter and a Young’s Modulus value determined to be 5.48GPa.
Though each structures equilibrium geometry differed, all shared identical starting geometry and material
properties. The geometries of these structures are shown in Table 5.5. As both the initial geometry and
pretensioned geometry is known (as are the cable cross-sectional area and Young’s Modulus), the level of
pretensile load can therefore be determined for each cable. The value of these loads is shown in Table 5.6.
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Table 5.5: Experimental parameters for testing (Amendola et al, 2014)
Parameters

Experiment 1

Experiment 2

Experiment 3

Initial Horizontal Cable Length (m)

0.132

0.132

0.132

Pretensioned Horizontal Cable Length (m)

0.134

0.136

0.140

Initial Vertical Cable Length (m)

0.08

0.08

0.08

Pretensioned Vertical Cable Length (m)

0.081

0.083

0.085

Table 5.6: Calculated pretensile forces due to material elongation
Parameters

Experiment 1

Experiment 2

Experiment 3

Horizontal Cable Elongation (m)

0.002

0.004

0.008

Horizontal Pretension (kN)

0.037

0.075

0.151

Vertical Cable Elongation (m)

0.001

0.003

0.005

Vertical Pretension (kN)

0.031

0.093

0.155

Knowing the initial geometry and internal loads present, these structures can be replicated within
Rhino. The experiment conducted by Amendola et al (2014) applied an increasing compressive load onto
the structure over time. As the load increases, the total horizontal deflection was recorded. This was
recorded as a load deflection graph and can be seen in Figure 5.14.

Figure 5.14: Load deflection curves (Modified from Amendola et al, 2014)
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The values for P0 (shown in Figure 5.14) indicate the prestrain in the wires, corresponding to the cable
elongation and pretension indicated in Table 5.6. What should be noted in Figure 5.14 is the inclusion of
N
two markings on each of the results (Ø and ). The first symbol (Ø) indicates the point at which the
three struts lock together. It has been noted by Amendola that this does not occur simultaneously, but will
N
usually occur after two struts contact each other, followed later by a third. The final symbol ( ) occurs
when the cables begin to slacken, due to deformation in the struts and overall geometry deformation.
Using the initial geometric parameters, an identical computer model is created representing the structure constructed by Amendola. This computer model is then tested under identical testing specifications,
with the load deflection curve results recorded. These results (shown in Figure 5.15) are compared against
the results obtained by Amendola et al (2014) (see Figure 5.14). Additionally, the modelled results are
also compared against the findings of Fraternali et al (2014). While the results of Fraternali are obtained
through analytical means, it is important to see how the simulated results compare.
Once the data shown in Table 5.5 was included in the Rhino model, the load could be incrementally
increased, with recordings being taken for comparison. These results can be seen in Figure 5.15, along
with the experimental results obtained by Amendola et al (2014), and the theoretical results modelled by
Fraterneli et al (2014).

Figure 5.15: A comparison of experimental, analytical and computer simulated results
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Figure 5.15 indicates that the Rhino model is able to model the results of a compressively loaded
tensegrity quite accurately. This assumption can be made due to a few reasons. Firstly, the results very
closely align with those of Fraternali’s model, with a very slight level of discrepancy. The overall trend of
the predicted values also aligns with the trend of the experimental results. This is clearer for Experiment
2 and 3. The Rhino model is also able to indicate when locking occurs for an ideal model, which can be
seen at the end of all simulated results. The force continues to increase, with deflection increasing at a
reduced rate. The point at which locking occurs in the Rhino model is later than what is indicated from
the experimental result however the argument may be made that this is due to asymmetry present in the
physical model. This asymmetry is inferred by Amendola, through indicating that two of the struts lock
before the third. If symmetric, these struts would lock at precisely the same time. This asymmetry could
result in a less than ideal load distribution and cause premature locking. The locking that is indicated
in the computer model is lacking in Fraternali’s modelled results, indicating that the computer model
accurately depicts the expected outcome of the structure.
For these reasons, the assumption will be made that the Rhino computer model can accurately simulate
the loaded behaviour of a tensegrity structure, and further analysis and testing may now continue knowing
that the results obtained can be considered accurate.
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Chapter 6

GA optimised tensegrity
In the following chapter, the process of developing an optimised model will be explored. Using the
existing verified model discussed in the previous chapter (Chapter 5), adaptations are made to incorporate
realistic boundary conditions to the structure, such as buckling, locking and material failure. Through
incorporating these bounds, optimisation is conducted on the geometry outlined by Amendola et al (2014)
to show how optimal pretensioning can increase a tensegrities load carrying capacity. Using this optimised
model, geometry is adjusted to explore how differing aspect ratios create an optimal range within which
an ultimate load capacity is achieved. This information is used to investigate how scaling may affect the
structure. Finally, the generalised optimal behaviour is used to create a series of design equations from
which a tensegrity may be created to meet specified criteria.

6.1

Optimising a computer model

The model developed in Chapter 5 has been shown to accurately replicate the theoretical and experimental
results of Fraternali et al (2014) and Amendola et al (2014) respectively. Though the results from this model
can be extracted, it is currently incapable of limiting results based on realistic bounds. While extracted
results may be checked against known boundaries, this method is slow and inefficient. However, this
process may be negated through incorporating boundary conditions within the models internal analysis.
These bounds, when augmented to the model, are capable of returning a result of pass or failure,
dependant on if any specified bounds have been breached. For example, if the yield limit (breaking
capacity) of the cable is known, then the force within each cable can be checked within the analysis to
determine if this value has been exceeded. If the value is lower, then the model passes, however if the
value is exceeded, then the model fails. However, a ’failed’ solution is still beneficial to the optimiser. As
mentioned in Section 4.2.3, this ’failed’ solution falls within the problem space, and may be used to inform
the optimisation algorithm on how to further improve results. This is accomplished through implementing
a penalty function.
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Penalty functions (as previously discussed in Chapter 4) allocate a penalty factor to the objective
function. While not returning a failed result, a less than optimal result is returned, giving the optimisation
algorithm information which can be included in subsequent analysis. Though beneficial, this method also
poses some small manner of risk. Optimisation algorithms are clever and can exploit penalty functions.
If a penalty is too small, then the algorithm may exploit this weakness by purposefully breaching the
boundary, yielding an impossible result which is ‘better’ than the optimal. The converse is also true, with
giving too large a penalty. If a large penalty is given, then the penalised objective may be so poor that
the algorithm learns nothing from the penalisation. While penalty functions can be beneficial, there is a
balance which must be reached between to little and too great a penalisation.
In an attempt to reduce this risk, a variable penalty function may be used. The principle of a penalty
function still applies; however it is not a discrete value which is always applied. Dependent on the boundary
condition breached, the penalty varies, being smaller for minor breaches, or large for significant breaches.
An example of this is demonstrated by Camp and Bichon (2004), where a variable penalty is allocated
when the stress in a member exceeds the boundary condition. This is shown in Equation 6.1.

ϕp =

σi − σ ±
σ±

(6.1)

In Equation 6.1, the penalty value, ϕp , is a function of the stress present in the member, σi , and the
upper/lower bounds, σ ± . This equation indicates that for a smaller breach of the bounded conditions, the
penalty will be smaller, but increase in size for larger breaches.
Knowing this, penalty functions are applied to the model. While it is advantageous to use variable
penalty functions in penalising breaches of problem bounds, it has been decided that a mixture of discrete
and variable penalties will be used. These variable penalty functions are to be applied to the yield limit
and pretension limit of the cables, whereas discrete penalty factors will be applied to locking, slackening,
buckling and collapse conditions. This was decided as two of the three primary input variables being
cable pretension values. This allows for a greater degree of control existing within cable load values, and
subsequently may be easily manipulated dependant on the problem bounds. All boundary conditions (and
their specified penalties) are outlined in Table 6.1.
The boundary conditions outlined in Table 6.1 are based upon those previously identified in Section
3.1. For the penalties listed in Table 6.1, it can be determined for both yield and pretension limit, that a
minimum penalty of 0.5 is given, with the value increasing for more severe breaches. Locking, slackening
and buckling are given a flat 0.5 for penalty, with collapse being given a value of 1. These values have
been decided based on the severity of the boundary breach (i.e. collapse being catastrophic failure while
locking is an imposed failure), in addition to testing to fine tune the values). These penalties are then
applied using Equation 6.2.
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Table 6.1: A list of boundary conditions and their corresponding penalty function
Boundary Condition, n

Condition of failure

1

Yield limit

2

Pretension limit

3

Locking

0.5

4

Slackening

0.5

5

Buckling

0.5

6

Collapse

1

Pf f =

P
=
ϕp
1+

P
1
X

Penalty Function, ϕpn
PC
PCY
TCE
PCY

− 0.5
− 0.5

(6.2)
ϕpn

n=6

For each boundary condition, a penalty factor ϕpn may be applied if the specified bound n has been
has been breached. If no breach occurs for that penalty, then a value of 0 is given. The summation of
all penalties is taken and added to a value of 1. This value is the resultant penalty ϕP , and divides the
uniform load applied to the tensegrity structure, giving the overall fitness function Pf f . For any breached
boundary condition, the resultant penalty ϕP will return a result greater than 1, meaning that the fitness
function will return a lesser value than the load applied to the structure. This penalized value should at
all times be less than the overall optimal, else the algorithm is vulnerable to exploitation. If a penalised
result is returned, then the value will fall within the ’problem space’. If all penalty factors are zero, then
the resultant penalty will be 1, meaning that that fitness function (Pf f ) is equal to the uniform load. If
this case is true, then the value will fall within the ’solution space’.
What should also be noted is the distinction between the yield and pretension constraints. As noted in
Chapter 3, the yield and pretension limits are identical to one another, however the pretension limits only
apply for an unloaded structure. When loaded, the horizontal cables will carry more load then previously,
while the load in the vertical cables will reduce. As the tensegrity will no longer be in a self-equilibrated
state, these forces will not redistribute. For this reason, a larger tension in the vertical cables is initially
desirable to reduce the likelihood of slackening. However, while this may be beneficial when loaded, if the
material is not checked in an unloaded state, then the initial pretension may exceed the material limit,
resulting in structural failure. This is the pretension limit. As this is the case, an additional analysis is
included for an unloaded structure to ensure the boundary conditions are satisfied at all times.
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6.2

How optimisation improves tensegrity performance

Using these adaptations within the Rhino model, an optimisation may now be performed using Galapagos.
This optimisation will use identical geometric parameters to that used by Amendola et al (2014) (as outlined in Section 5.4). Using these values, Galapagos will be used to determine the maximum possible load
capacity for this specific tensegrity structure, through adjusting the overall load placed on the structure
and manipulating the pretensile load on both the vertical and horizontal cables.
The generic parameters of Galapagos were used in the optimisation process, meaning that the population size of each generation was 100, with the initial population being 200 (for initial exploration of
the problem space). The solver would be considered converged (or stagnant) if more than 50% of the
population yield the same result. In addition to this, 5% of the previous population would carry over to
the new population, with these solutions being ‘elite’ solutions (i.e. the ’best’ solutions found thus far).
These parameters result in convergence after approximately 65 generations, as indicated in Figure 6.1, with
the optimal result is displayed in Table 6.2 alongside the results obtained by Amendola for comparitive
purposes.

Figure 6.1: Convergence to an optimal solution
As Table 6.2 indicates, the process of optimisation yields a maximum compressive load significantly
higher than what was obtained experimentally. This supports the finding of Gilewski and Al SabouniZawadzka (2015), while also expanding on the results obtained by Amendola. What should be noted from
Table 6.1 is that there are two rows which indicate an optimal result. The reason for this is that the initial
pretension applied is idealised and does not represent the model in equilibrium. An unloaded analysis will
redistribute the initial pretension, returning a structure in equilibrium with the redistributed loads in each
structural element. It was decided to include both sets of values as the initial values are what is used to
control the structure, whereas the equilibrium values are directly comparable to the experimental results
obtained by Amendola.
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Table 6.2: A comparison between experimental results and the optimal result
Parameters

Horizontal Pretension (kN)

Vertical Pretension (kN)

Max Compressive Load (kN)

Experiment 1

0.037

0.031

0.081

Experiment 2

0.075

0.093

0.173

Experiment 3

0.151

0.155

0.274

Optimal (Initial)

1.037

0

1.593

Optimal (Equilibrium)

0.529

0.882

1.593

Using the optimal result, a load deflection curve is produced indicating the performance of the tensegrity
as load increases. This graph can be seen in Figure 6.2 and demonstrates the improvement which the
optimisation has on load carrying capacity. The optimal design is capable of resisting a load almost six
times (6×) that of the best performing experiment produced by Amendola et al (Experiment 3).

Figure 6.2: Comparison of load carrying capacity between experimental and optimal models
While Figure 6.2 highlights the importance that pretensioning plays in a tensegrities load carrying
capacity, more can be gained from observing the forces acting within the structure. The internal axial
forces on both horizontal and vertical cables can be examined, to see how the structure behaves. These
axial forces are plotted in Figure 6.3 and indicate that as the compressive load increases and the structure
compresses, the higher levels of initial tension in the vertical cables eliminate cable slackening as a failure
mode. What is also apparent is that when loaded the horizontal cables are the only cables resisting load.
While a vertical cable is required to achieve structural equilibrium initially, these cables serve no apparent
purpose once a compressive load is applied, becoming irrelevant components.
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Figure 6.3: Comparison of axial load between horizontal and vertical cables
While this may be true for this specific case, it may not be true for all tensegrity cases. Differing
geometries of tensegrities may behave differently, meaning they may be more (or less) dependant on the
horizontal/vertical cables when undergoing compressive loading. In addition, it is also unknown how
changing a tensegrities geometry will impact its optimal load carrying capacity. Amendola et al (2014)
found that a taller tensegrity geometry is able to support a larger load, however this was only explored
using two distinct geometries. It is unknown if this behaviour continues to improve as the height increases,
or if a plateau is reached. As the behaviour is unknown, the effect of geometry on the structure warrants
further investigation.

6.3

Exploring the effects of manipulating geometry

To further explore the effects of differing geometry on the structure, different geometries must be tested for
comparison. This being said, any significant change to the geometry may result in addition strengths (or
weaknesses) due to change in material length. An example of this is the axial compressive load experienced
within the struts. If the struts elongate then they will be more susceptible to buckling failure, which may
not have been the case for geometries using shorter struts. For this reason, a commonality is required
between all the geometries to be tested, so that they are comparable to one another.
The commonality that is chosen will be strut length LS . This length can be maintained and angled
more (or less) if a taller or squatter structure is required. This will affect the length of the cables, and may
result in more (or less) elongation, but will not impact the load capacity of the cable itself. The inclination
of the strut will not only affect the diameter of the structure but also the height. For this reason, the
aspect ratio between the height and the base diameter will distinguish the geometry of the tensegrity, as
indicated in Equation 6.3.
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AR =

h
h
=
d
2r

(6.3)

As testing has already been conducted using the geometry specified by Amendola et al, this will be
the geometry used for preliminary investiagtion. The strut lengths LS will is set as 0.163m, with cables
lengths (LC and LH ) calculated based upon the aspect ratio (AR). Using Equations 5.2, 5.3 and 6.3 (in
addition to the strut length), the aspect ratio of the model previously tested is found to be AR=0.459.
This will be a point of reference, with ratios being taken to be greater than this. The reason for ratios
greater than 0.459 is due to an additional experiment conducted by Amendola et al, which found that a
taller structure was able to withstand a greater load. Though the optimal load capacity of this structure
was not known, the load capacity of this structure was greater than the optimal maximum load for the
structure outlined in Section 6.2. The initial assumption is therefore made that greater aspect ratios are
capable of bearing greater load.
Starting at an aspect ratio of 0.5, tensegrities will be tested at increments of 0.25 (0.5, 0.75, 1, 1.25. . . )
until results begin to decline. This will either indicate an optimal geometry exists, giving an indication as
to what it may be, or that there is no limit to which the structure can be improved. As already stated,
all geometries will have identical strut lengths, and as such, the geometric properties for these aspect
ratios can be found in Table 6.3. These values are determined using Equations 5.2, 5.3, 5.4 and 6.3. This
will give an initial indication of the tensegrities behaviour, however once the results have been obtained,
further testing may be required to determine an optimal, or to see if the structure behaves consistently.
Table 6.3: Geometry of tensegrities to be tested
Aspect Ratio

6.3.1

0.5

0.75

1

1.25

1.5

Height (m)

0.075

0.1

0.117

0.129

0.137

Diameter (m)

0.150

0.133

0.117

0.103

0.091

Strut length (m)

0.163

0.163

0.163

0.163

0.163

Vertical cable length (m)

0.084

0.106

0.121

0.132

0.139

Horizontal cable length (m)

0.130

0.115

0.101

0.089

0.079

Analysis of aspect ratios

Initial tests were conducted, with four optimisations being conducted for each set of parameters. It was
decided that multiple tests should be undertaken for each geometry to ensure that the algorithm did not
return a local optimum. Though this should not occur, multiple tests would be more reliable and eliminate
this possibility. The tests were conducted using the same parameters for the test in Section 6.2 (population
of 100 with an initial seeding population of 200, a 5% population retention, and convergence at 50% of
population). These tests yielded the results indicated in Table 6.4.
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Table 6.4: Results from initial tensegrity geometries
Aspect Ratio

0.5

0.75

1

1.25

1.5

Maximum Compressive Load, P (kN)

1.81

3

3.273

3.258

2.751

Optimal Initial Horizontal Pretension (kN)

1.07

0.977

0.647

0.265

0.003

0

0.043

0.328

0.569

0.984

Optimal Initial Vertical Pretension (kN)

0.480

0.254

0.229

0.227

0.314

Optimal Equilibrium Vertical Pretension (kN)

0.877

0.625

0.599

0.591

0.806

Equilibrium Height (m)

0.109

0.127

0.130

0.130

0.129

Final Height (m)

0.082

0.099

0.104

0.104

0.110

Optimal Equilibrium Horizontal Pretension (kN)

From these results, some initial remarks can be made. Firstly, it is apparent that there appears to
be a point of maximum compressive loading which exists between AR0.75 and AR1.25. This is apparent
from viewing Figure 6.4, however more testing will need to be conducted between these aspect ratio to
determine if there is indeed an optimal point. Secondly, as the aspect ratio increases, the ideal pretension
shifts from the horizontal cables to the vertical cables, as shown in Figure 6.5. This indicates that an
optimal equilibrium geometry exists. This assumption can be made as a lower aspect ratio with a larger
pretension focussed on the horizontal cable will increase the height of the structure, while a larger aspect
ratio with the pretension focused on the vertical cables will decrease the height of the structure. This
behaviour is indicative of an optimal equilibrium geometry. This data is shown in Figures 6.4, 6.5 and 6.6
to further understand the behaviour of the structure as the aspect ratios change.
From examining Figure 6.4, there appears to be a peak at which there exists an optimal aspect ratio
for the given size and materials of the tensegrity. This peak appears to exist approximately between
AR1.1 and AR1.5. The data presented in Figure (Figure 6.5) indicates that as aspect ratio increases, the
pretension required within the vertical cables also increases as horizontal pretension decreases in order
to resist a maximum load. It also appears that there is a point at which the optimal pretension in both
cables is equal, which occurs at an aspect ratio of approximately AR1.15, similar to the point at which
the peak compressive load is achieved (Figure 6.4).
Finally, when observing the equilibrium tension in the cables, it appears as though the pretension in
both cables follows a similar trend, with the nadir load in each cable existing between aspect ratios of AR1.0
and AR1.1, consistent with the apex and point of crossover found in Figures 6.4 and 6.5 respectively. When
the equilibrium forces in each cable are at their nadir, the structure appears to have peak load capacity.
This may be due to a lower amount of embodied energy within the structure, meaning that it is capable
of resisting a larger amount of load.
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Figure 6.4: Optimal compressive loads achieved for differing aspect ratios

Figure 6.5: Comparison of optimal pretensioning in cables for differing aspect ratios

Figure 6.6: Comparison of optimal equilibrium tension in cables for differing aspect ratios
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Though an optimal aspect ratio appears to have been found, the results are not yet conclusive. There
appears to be variability about the location of an optimal geometry, however this may be due to the
predicted trendlines. More information about the behaviour of the structure is required. Based on the
apparent location of an optimal geometry, further tests are conducted at and around an aspect ratio
of AR1.1. These additional tests are outlined in Table 6.5. These values have been chosen due to the
prevalence of the optimal results appearing to be between AR1.1 and AR1.15. As tests have already been
conducted at AR1.0 and AR1.25, it has been decided to also perform tests at AR0.9 and AR1.35 to ensure
that the behaviour of the structure is consistent with the approximated trendlines.
Table 6.5: Geometry of additional tensegrities to be tested
Aspect Ratio

0.9

1.1

1.15

1.35

Height (m)

0.111

0.122

0.125

0.132

Diameter (m)

0.123

0.111

0.108

0.098

Strut length (m)

0.163

0.163

0.163

0.163

Vertical cable length (m)

0.116

0.126

0.128

0.135

Horizontal cable length (m)

0.107

0.096

0.094

0.085

The tests were conducted in a manner identical to the testing previously undertaken. The test for each
aspect ratio is repeated four times, using the same optimisation parameters. The results for these tests
have been displayed in Table 6.6, alongside the previously obtained results, so as to better see how the
new data aligns with the original data.
Table 6.6: Results from initial tensegrity geometries
Aspect Ratio

0.5

0.75

0.9

1

1.1

1.15

1.25

1.35

1.5

Maximum Compressive Load (kN)

1.81

3

3.201

3.273

3.249

3.285

3.258

3.243

2.751

Optimal Initial Horizontal Pretension (kN)

1.07

0.977

0.783

0.647

0.486

0.415

0.265

0.13

0.003

Optimal Equilibrium Horizontal Pretension (kN)

0.48

0.254

0.234

0.229

0.229

0.228

0.227

0.23

0.314

Optimal Initial Vertical Pretension (kN)

0

0.043

0.22

0.328

0.437

0.483

0.569

0.656

0.984

Optimal Equilibrium Vertical Pretension (kN)

0.877

0.625

0.603

0.599

0.597

0.596

0.591

0.599

0.806

Equilibrium Height (m)

0.109

0.127

0.129

0.13

0.13

0.13

0.13

0.13

0.129

Final Height (m)

0.082

0.099

0.102

0.104

0.104

0.104

0.104

0.103

0.11

The results from this additional testing are shown in Figures 6.7, 6.8 and 6.9 to better observe the
behaviour of the structures.
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Figure 6.7: Optimal compressive loads for differing aspect ratios including additional test data

Figure 6.8: Comparison of optimal pretensioning in cables for additional test data

Figure 6.9: Comparison of optimal equilibrium tension in cables for additional test data
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What is immediately apparent from these results is that there indeed appears to be an optimal compressive load which occurs at AR1.15, however, the difference between this result and surrounding results
is minimal. Though this is not very evident in Figure 6.7, the data observed in Table 6.6 supports this.
The trend that was previously observed in the initial pretension values for both horizontal and vertical
cables still occurs, reinforcing the hypothosis that higher aspect ratios perform better when pretension is
maximised in the vertical cables. The opposite is also true, with lower aspect ratios performing better
when a larger pretension exists in the horizontal cables. Figure 6.8 indicates that this behaviour is almost
identical to that shown in Figure 6.5, with the additional tests reinforcing this behaviour. Finally, the
behavioural trend previously observed for equilibrium tension in both the vertical and horizontal cables is
still consistent, as shown in Figure 6.9.
When observing this data with the assistance of trendlines, it is easy to miss that the data may be
misrepresented. Though the data does appear to follow general trends, there are certain pieces of data
that are outliers to these trends, and so the data should be observed without the bias of these generalised
trends. What is observed from the raw data (indicated in Figure 6.7) is that the behaviour appears to be
better fit by several distinct linear trends rather than a parabolic curve. The optimal compressive loads
appear to plateau rather than peak, with a range of optimal loads existing. This indicates that an optimal
range may exist rather than a single optimal. This theory is supported by the equilibrium heights for all
aspect ratios from AR1.0 to AR1.35 being identical (Table 6.6), meaning that an optimal geometry for
these aspect ratios has been obtained.
It should be noted that this trend is interpolated, and the initial linearity indicated between AR0.5
and AR0.75 may be parabolic, however there is not sufficient data to determine this. Likewise, there is
insufficient data to determine the behaviour after AR1.35, and so no trend is indicated.

Figure 6.10: Comparison of linear trends to a single parabolic trendline for maximum compressive load
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This trend is also observed in both the initial and equilibrium pretension in the cables (as indicated in
Table 6.6). While the parabolic trendline appears to fit both sets of data well, a linear trend fits the data
almost perfectly, eliminating the outliers to the trend. This linearity also occurs for the same region shown
in Figure 6.10 (AR0.9 to AR1.35). This region may be larger, however is limited for this explanation due
to limitations in the dataset.
To understand the reason behind why this occurs, we need to examine the data for model failures.
The data investigated so far has been successful (predominantly optimal), however through examining the
failed data we can understand what is limiting the model from performing any better. The optimisation
process may determine the ‘best’ solution for the parameters given, however in addition to this optimal
solution, there are typically hundreds (if not thousands) of additional results that are typically ignored due
to their inability to yield useful results. If these failed analyses are examined, other behaviour regarding
the model can be identified.
In total, for the data displayed in this section, the number of analyses performed exceeds ≈400000.
Some of these tests were successful and some of these tests failed. To examine the failures, firstly all
successful data will be removed from the total dataset. Of the remaining data, the final 1500 results
will be extracted for each optimisation test (returning a total of 6000 ’failed’ datapoints for each aspect
ratio). This data was selected, as the majority of the optimisation had already been conducted. If results
were obtained from earlier in the optimisation process, the variables would still be somewhat randomized,
whereas data obtained from later in the optimisation is more refined and ‘closer’ to the optimal result.
These failures are pushing the model to its limit, and while exceeding the boundary conditions, are still
close to the threshold of being considered an acceptable answer.
Through examining these 6000 ‘failures’ for each aspect ratio, a count is made whereby each failure is
recorded against the boundary condition which it exceeds. Some of these analyses will fail in multiple ways
(breaching multiple boundaries), in which case the failure is recorded for whichever boundary condition is
breached more significantly. This does not inherently refer to the penalisation factor which is created (as
the penalties are non-uniform), but refers to the degree to which the bounds are breached. For example,
if both x and y could not exceed 100, but x is found to be 102 and y is 101, then the more sever breach
would be attributed to the value for x. Through this approach, the total (percentage) is found for each
boundary condition breach and is displayed in Table 6.7.
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Table 6.7: Percentage of boundary condition breaches resulting in structural failure
Aspect Ratio
Failure Condition
0.5

0.75

0.9

1

1.1

1.15

1.25

1.35

1.5

Yield Limit

84.5

14.2

31.8

4.4

15.9

25

22.8

26.4

0

Pretension Limit

10.9

13.7

0

0

0

0

0

0.1

0.1

Locking

1.8

5.5

52.7

85.5

70.7

43.7

42.7

31.9

0

Slackening

0.6

0.2

0

0

0

0

0

0

0

Buckling

0

0

0

0

0

0

0

0

0

Collapse

0

66.5

15.5

10.1

13.4

31.3

34.5

41.6

99.9

Through conducting an analysis of failures, it is found that the predominant mode of failure for aspect
ratios AR0.9 to 1.25 is locking. The consistency with which this occurs indicates that the linearity observed
in Figure 6.10 is due to the structure being bounded by a locking failure condition. It should be noted
that this is only based on the most frequent mode of failure, and not the majority. For instance, AR1.15
has a most frequent mode of failure as locking, but this only occurs 43.7% of the time.
The consistency with which this is occurring indicates that locking is the primary limitation for the
model failing to improve on its load carrying capacity any further. The equilibrium and final heights also
support this claim (Table 6.6), as the heights for AR1.0 to 1.25 are identical for both an equilibrium and
final state. This is indicative of an optimal geometry being attained, but also that the structure cannot
be compressed any further due to the imposed boundary.
It is noted that the predominant mode of failure for AR1.35 is collapse, similar to AR1.5. This may
indicate a trend could exist between AR1.35 and 1.5, similar to the trend between AR0.5 and AR0.75,
however further testing would be required to confirm this. What may be concluded from the data is that
an optimal range exists for this tensegrity structure, and it is bounded by locking.
While examining failure is important in understanding the limitations of the structure, it is equally
important to examine the reactions of the structure before failure occurs. While the load carrying capacity
of the structure has been of key focus thus far, this value alone is not useful as it does not accurately reflect
how the structure is behaving when loaded. Any significant deflections within the structure can render it
useless in a practical sense, no matter how great the load bearing capacity may be. While the structure
can deform in many different ways, it is most important (in this situation) to examine the horizontal
deflection of the structure, as this is the direction in which load is being applied.
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Figure 6.11 indicates varying geometries for the tensegrity structure at initial, equilibrium and final
heights. It can be seen that for the ’optimal’ range between approximately AR0.75 and AR1.35, the
equilibrium and final heights are consistent, which is ideal. While the initial height varies (as expected
due to the changing aspect ratio), this is brought to an optimal aspect ratio due to the pretensions
introduced within the structure.

Figure 6.11: Tensegrity heights at for initial, equilibrium and final load states

The consistency of the vertical deformation for this range is ideal, as it allows for a known maximum
displacement for the structure. This average displacement is 26.4mm. Examining the load – deflection
curves for several of the aspect ratios within this range reveals that all curves are comparable (see Figure
6.12). While not identical, the similarity of results indicate that all optimally pretensioned tensegrities
between approximately AR0.75 and AR1.35 follow the same load deflection curve. This result is ideal if
these results were to be used to design a tensegrity structure.

Figure 6.12: Comparison of differing tensegrities load-deflection curves within the ‘optimal’ range
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Examining the results of Figure 6.11 separately, it is seen that the initial height (before form finding
is applied) steadily increases, which is to be expected as the aspect ratio is increasing. It can be seen that
for most aspect ratios, the height changes after form finding occurs. This indicates that the optimal shape
for most tensegrities (of these specified materials) does not occur naturally (i.e. without pretensioning).
The equilibrium and final height curves appear to follow a similar trend, which converge at higher
aspect ratios. This convergence is likely due to the horizontal cables, which at higher aspect ratios will be
much shorter. Due to these shorter lengths, smaller levels of deflection will result in cable yielding, which
ultimately results in a lower degree of vertical deflection. This reduction in vertical deflection results in
the convergence shown. Ignoring this convergence, a similarity in trends is evident, with the maximum
difference between these curves being 29.22mm, slightly higher than the average result previously noted
(26.4mm). Knowing this maximum deflection value, the structural deformation (and the load deflection
curve), the structural deflection can be accounted for in the design process.
The conclusions made thus far have been made base on a fixed geometric value (strut length) with
varying inclination (i.e. changing aspect ratio). While this does investigate changes to the structural
geometry, the geometry is physically limited in size by the length of the strut LS . To see if this behaviour
is uniformly predictable across all tensegrity geometries, an analysis must be conducted into the size (or
scale) of the structure.

6.3.2

Analysis of scale

To investigate the scale of the tensegrity structure, the existing data collected will be used as a benchmark
from which the scale of the structure can be investigated. The initial geometry investigated matches those
tested by Amendola. The initial geometry of this structure used a strut length of 163mm, with an aspect
ratio of AR0.459. The optimisation conducted in Section 6.2 yielded an ultimate load capacity of 1.593kN
with idealised pretension values of 0.529kN and 0.882kN for the horizontal and vertical cables respectively.
Using these parameters, the length of the strut is adjusted, with the results being recorded. These results
are shown in Table 6.8.
Table 6.8 indicates that there is no apparent change in the overall effect of structure scale. As all
materials and forces are consistent, there is no distinct change in the structure’s performance. Of course,
there is a larger deflection in larger scale structures (due to the cables elasticity being constant), however
when this deflection is measured in proportion to the overall height of the structure, the result is found to
be constant (as indicated by the percentage reduction in height shown in Table 6.8). This result is to be
expected, due to the pin connections within the structure. All forces are transferred axially, and though
scaled either up or down, the only factor which would affect axial load (cross-sectional area) remains
unchanged.
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Table 6.8: Results of scaled tensegrity
Strut Length (mm)
Results
150

163

200

250

300

350

400

450

Ultimate Load (kN)

1.593

1.593

1.593

1.593

1.593

1.593

1.593

1.593

Initial Height(mm)

95.2

103.4

126.9

158.6

190.3

222

253.8

285.5

Deflection (mm)

26.3

28.5

35

43.8

52.5

61.3

70

78.8

Percentage Reduction in Height (%)

27.6

27.6

27.6

27.6

27.6

27.6

27.6

27.6

Maximum Horizontal Cable Tension (kN)

0.890

0.890

0.890

0.890

0.890

0.890

0.890

0.890

Maximum Vertical Cable Tension (kN)

0.399

0.399

0.399

0.399

0.399

0.399

0.399

0.399

Maximum Strut Compressive Load (kN)

1.853

1.853

1.853

1.853

1.853

1.853

1.853

1.853

This being said, there were two distinct geometries which were noticeably affected. As the scale of
the structure was reduced, the cross-sectional shape was not reduced, and as such at smaller scales, a
proportionally larger cross-sectional area will cause earlier locking due to the initial proximity of the
struts. Opposingly, the structure fails due to buckling when the scale becomes too large. The point at
which occurs can be calculated using the critical buckling equation (Equation 6.4). Table 6.8 indicates that
the maximum compressive load experienced by the strut is 1853.1N. Treating this as the critical buckling
limit, Equation 6.4 can be used to calculate the maximum length the strut can reach is 339.9mm.

Pb =

π 2 EI
L2

(6.4)

As this is the case, the tensegrities listed in Table 6.8 with strut lengths 350mm, 400mm and 450mm
have therefore failed due to buckling, and should be discredited. The purpose of their inclusion was to
demonstrate the effects that larger scales have on a tensegrity if buckling was not an issue. This behaviour
indicates that while strut cross section is important in determining a locking state, it is more so important
in limiting the scale of the structure.
Equation 6.4 is important in determining critical buckling, but it may also be an overestimation of
strut capacity. Initial imperfections (in either geometry or material composition) may result in premature
bending or buckling when loads less than those determined through Equation 6.4 are applied axially. This
will be further explored in Section 7.2.4.
This being said, all results listed in Table 6.8 are still bounded by the yield in the horizontal cable.
What is interesting to note from this is that if a tensegrity structure were to be designed to meet a specified
set of geometric parameters, an optimisation may be performed on a smaller structure, with the structure
being scaled upward post-analysis to meet required geometric parameters. Assuming that the results of
this testing are consistent across all tensegrity models, the information may now be used to construct a
rudimentary design practice. This will incorporate the information determined regarding optimal aspect
ratios, the principle method of failure and scaling.
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6.4

Tensegrity design

To design an optimal tensegrity structure, the information obtained through testing will be used. The
results of previous tests while thoroughly collected and analysed have resulted in ‘gaps’ in the dataset from
which generalisations about trends cannot be made. This was not required previously, as an optimal result
was desired, however for the purposes of design, a more thorough examination of geometry is required.
This is desired so that all geometric shapes may be explored, rather than a single optimal geometry.
As such, further testing was conducted, however unlike the previous testing procedure, these further
tests were only conducted once to obtain the optimal result for each aspect ratio. This was decided due
to the volume of data required. To investigate the geometry, the range of aspect ratios were examined
from AR0.25 to AR1.8, using incremental steps of 0.05. Due to only a single test being conducted for each
geometry, there can be no certainty that the result obtained will be the optimal, however a continuous
general trend for optimal or near optimal results will be obtained. For examining trend, this is considered
more ideal than the ’gap filled’ data obtained in Section 6.3.1.
The results obtained from testing can be found in Appendix C, and have been visualised in Figures 6.13,
6.14 and 6.15. These figures are directly comparable with previously determined results. The maximum
compressive load plotted in Figure 6.13 gives a trend very similar to that estimated in Figure 6.10. The
trends obtained appear to be separated into three distinct parts, with each part having a unique trend.
Firstly, the lower aspect ratios (AR0.25 to AR0.75) give a linear increase in load carrying capacity, with
the linear trend ending at an aspect ratio of AR0.75, similar to what was shown in Figure 6.10. This trend
abruptly changes to a constant plateau, yielding a peak compressive load of approximately 3.28kN for the
structure. This plateau is constant between AR0.8 and AR1.4, before the trend changes for one final time
for all aspect ratios greater than AR1.4. These trends can be seen in Figure 6.13. Before any comments
are made to explain the changing trends for maximum compressive load, the trends for pretensile loading
will be examined, as these may give further insight into the reason for these changes.

Figure 6.13: Apparent trends in load carrying capacity for differing aspect ratios
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Figure 6.14 indicates the general trends for initial pretension in the vertical and horizontal cables. Like
Figure 6.13, these trends appear to be split into three distinct sections. For lower aspect ratios (AR0.25 to
AR0.75), an optimal structure is obtained when there exists negligible vertical pretension. While the values
for vertical pretension within this region are non-zero, they will be assumed zero. All pretension existing
in this range is focused entirely on the horizontal cables. As noted previously, this would ultimately result
in the structure being pulled more upright, away from a stouter geometry which is closer to a locking
state. The trend of this pretension is somewhat parabolic with the values increasing before reducing.
These trends then change to where the vertical pretension begins to increase as the aspect ratio increases, while the horizontal pretension decreases. It was previously assumed that these trends were linear
(as indicated by Figure 6.10), however they appear to be slightly parabolic. While linear trends still fit the
data well (R2 = 0.9838 and R2 = 0.9972 for vertical and horizontal pretension respectively), the parabolic
trends give a more accurate fit. These trends continue until the horizontal pretension becomes negligible
(AR1.45), at which point the vertical pretension steps upwards, retaining a parabolic trend.

Figure 6.14: Apparent trends in initial cable pretensioning for differing aspect ratios

Like the previous two figures (Figure 6.13 and 6.14), the trends apparent in Figure 6.15 are also
separated into three distinct sections. Initially, the lowest aspect ratio (AR0.25) has identical vertical and
horizontal pretensions, however this value changes as the aspect ratio increases.

Figure 6.15: Apparent trends in equilibrium cable pretensioning for differing aspect ratios
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At lower aspect ratios (AR0.25 to AR0.75), the equilibrium force within the vertical cables increases
before decreasing, creating a parabolic curve, unlike the linear decrease shown in the horizontal cables. The
reason for these differing trends is unknown but result in a difference between the force in the horizontal
and vertical cables which remains constant for the intermediate aspect ratio range (AR0.8 to AR1.4).
These force values being consistent is no surprise when paired with findings shown in Table 6.6. Earlier
results showed that an ideal geometry had been obtained for the intermediate aspect ratio range. If an
ideal geometry has been found, then the equilibrium force distribution should be identical for this ’ideal’
range. Finally, when the tensegrity transitions to the higher range of aspect ratios (AR1.45 to AR1.8) an
abrupt discontinuity is witnessed (as is also seen in Figures 6.13 and 6.14). The final equilibrium forces
within this range appear to be parabolic, with the vertical force increasing before appearing to plateau at
AR1.8, while the horizontal force appears to decrease.
For all results (Figures 6.13, 6.14 and 6.15), it would appear that the transition between the lower and
intermediate aspect ratios is continuous. This occurs due to the lower region being bounded primarily by
material failure (capacity of the cable). When the transition occurs, the primary method of failure changes
to a locking bound. This type of transition is expected; however, this is not the case for the transition
between the intermediate and higher regions. During the intermediate region, a shift in pretensioning
occurs, with larger aspect ratios requiring a larger pretensile load within the vertical cables, resulting
in a drop in pretensile load within the horizontal cables. These forces remain in balance, with locking
being the primary mode of failure. However, when the pretensile load in the horizontal cannot decrease any
further (i.e. becomes zero), the optimizer increases the pretension within the vertical cables to compensate,
resulting in the discontinuity seen in Figures 6.13, 6.14 and 6.15 at AR1.45.
The approximated trendlines found in Figures 6.13, 6.14 and 6.15 appear to fit the data well. As such,
the equations of these trendlines can be used to approximate the optimal design for a tensegrity structure
(using the material specified in this experiment). These equations are shown in Table 6.9. These equations
have been rounded to the nearest 2 decimal places (for simplicity), but have been plotted in Figure 6.16
for comparison to the original data to show the effect of this rounding being negligible.

Figure 6.16: Comparison of data-fit trendline to rounded equations
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Table 6.9: Load Capacity design equations for a tensegrity structure using specific materials
Aspect Ratio

AR0.25 – AR0.75

Maximum

AR0.8 – AR1.4

= 5.23AR − 0.77

= −0.05AR + 3.34

AR1.4≤
=

34AR3

−143.85

compressive load, P
Initial vertical

=

= 0.02AR − 0.01

+ 2.63AR

= −1.55AR2 + 5.07AR − 3.12

= −6.49AR3 + 8.25AR2

= 0.43AR2 − 2.49AR

−2.92AR + 1.28

+2.71

= −3.04AR2 + 2.67AR + 0.3

= 0.03AR + 0.56

=-1.16AR+4AR-2.56$

= −1.1AR + 1.04

= 0.02AR + 0.21

= −0.48AR2 + 1.44AR − 0.75

pretension, TH
Equilibrium vertical

−0.7AR2

−1.62

pretension, TV
Initial horizontal

− 167.8AR2 + 273AR

= 0.4AR2 − 1.38AR + 1.19

pretension, TV E
Equilibrium horizontal
pretension, THE

It is ideal to also know the deflection of the structure at this peak loading. Using the information
presented in Figures 6.11 and 6.12, the trend of the curves can be determined to obtain the initial,
equilibrium and final heights at any given aspect ratio (asuming that the structure is optimally pretensioned
using the information provided in Table 6.9). Using this information, the maximum displacement for an
optimally pretensioned tensegrity can be obtained, using the equations shown in Table 6.10.
Table 6.10: Deflection design equations for a tensegrity structure using specific materials
Deflection δ
3

Initial Height (m)

= 0.0168AR − 0.0746AR2 + 0.1264AR + 0.05

Equilibrium Height (m)

= −0.029AR4 + 0.206AR3 − 0.482AR2 + 0.46AR − 0.024

Final Height (m)

= 0.1022AR3 − 0.3412AR2 + 0.378AR − 0.0346

Additionally, for the ”optimal” aspect ratio range (AR0.8 to AR1.4), the average load displacement
curve has been obtained (as seen in Figure 6.17). The trend for this line has also been obtained (see
Equation 6.5), and may be used to determine the displacement of the structure for any given load applied
(up to failure).

P = −0.0024δ 2 + 0.1882δ

(6.5)

To prove the efficacy of these equations, four aspect ratios were selected at random between 0.25 and
1.8. The design equations were then used to predict the approximate optimal solution, with the values
being validated by the optimisation. These values were determined using a random number generator and
can be seen (alongside the design results and optimal results) in Table 6.11.
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Figure 6.17: Average load displacement curve
Of the values randomly selected, Table 6.11 indicates some slight variance between the optimal and
designed results. This variance is to be expected, as the trends determined from Figure 6.15 do not perfectly
align with the data, but rather give a good fit. It is apparent that some of the optimal values perform better
than the design equations, whereas some perform worse. The largest discrepancy in overall load carrying
capacity is 58.5N for aspect ratio AR1.13. Aspect ratios AR0.66 and AR1.62 obtained an optimal result
lower than the design, however this was only marginally lower (29.8N and 28.63N respectively). With all
load capacities remaining within a 2% error margin, the design equations can be considered accurate.
While it is important to inspect how close the predicted values were to the optimal, it is also important
to examine how close the designed structure is from its expected performance. Table 6.11 indicates the
‘Actual Load Capacity’, showing what the structure is capable of resisting given the designed pretensions.
It can be seen that the actual load capacities closely align with the design loads given for Aspect Ratios
AR1.31 and AR1.13, however, are lower than anticipated for AR0.66 and AR1.62. The maximum difference
between these values is found to be 62.8N, meaning that the performance is (at most) 2.4% lower than
expected.
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Table 6.11: Verification of design charts
Aspect Ratio

1.31

1.13

0.66

1.62

Actual Load Capacity (kN)

3.27

3.279

2.619

2.541

3.2745

3.2835

2.6818

2.587632

3.297

3.342

2.652

2.559

Designed Initial Vertical Pretension (kN)

0.62403

0.45807

0.0032

1.02558

Optimal Initial Vertical Pretension (kN)

0.61879

0.45834

0.00039

1.0347

0.186023

0.445367

1.080651

0.00416

Optimal Initial Horizontal Pretension (kN)

0.19689

0.46308

1.10893

0.00945

Designed Equilibrium Vertical Pretension (kN)

0.5993

0.5939

0.737976

0.875696

Optimal Equilibrium Vertical Pretension (kN)

0.600292

0.600159

0.735692

0.883197

Designed Equilibrium Horizontal Pretension (kN)

0.2362

0.2326

0.314

0.323088

Optimal Equilibrium Horizontal Pretension (kN)

0.228804

0.227242

0.311687

0.315858

Designed Equilibrium Height (m)

0.1291

0.1303

0.1234

0.1323

Optimal Equilibrium Height (m)

0.1299

0.1302

0.1252

0.1335

Designed Final Height (m)

0.1048

0.1043

0.0956

0.1168

Optimal Final Height (m)

0.1036

0.1038

0.1009

0.1209

Designed Load Capacity (kN)
Optimal Load Capacity (kN)

Designed Initial Horizontal Pretension (kN)

Table 6.11 indicates that the design equations are capable of prediciting the capacity of a structure
to within an acceptable error margin. However, it should be noted that two of these structures (AR0.66
and AR1.62) are capable of performing to a lower extent than what the design equations calculated. This
is not acceptable for an engineered structure, and as such, a safety factor is required to ensure that the
structure is capable of bearing the load for which it is designed to support. The design equations are still
capable predicting (to a high degree of accuracy) the behaviour of the structure, and its limitations.
Though there is also discrepancy between the designed and optimal internal pretensile forces, these
values are still similar. The designed values may not give the optimal result but are close, and as stated
previously, the designed pretensions are still capable of withstanding a substantial load. Of the internal
force values which have been obtained, there does not appear to be any trends indicating a specific cause
for sub-par performance. Though there are discrepancies, it is clear that the design equations return a
result similar to the optimal indicating they are capable of performing close to the expected result.
The results support the validity of the design equations, meaning that the equations can be used to
design a tensegrity with a high level of confidence. With the addition of a safety factor, tensegrities
constructed using these designs would perform as expected. The only exemption to this would be for the
regions AR1.4 to AR1.45. Due to the discontinuity in results, tensegrity designs within this region should
be created using more conservative limitations to ensure premature failure does not occur. The same is
not true for the region of AR0.75 to AR0.8, as the equations appear to be somewhat continuous. However,
to be confident of these assumptions, further investigation should be conducted into these specific regions.
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6.5

Summary

In summary, this chapter has investigated the optimal behaviour of a tensegrity structure. Boundary
conditions were introduced to the computer model to limit the structure so that it reflects a realistic
structure. The behaviour of a specific geometry was analysed, and found to exhibit distinct trends based
on different limiting boundary conditions as the aspect ratio changed. These behaviours can have been
found to be predictable, and result in a series of equations which may be used to assist in the design of
an optimal tensegrity structure. These equations are seen to be reliable, having been validated through
the use of computer simulation. It has also been found that the scale of a tensegrity structure does not
have any direct impact on the distribution of force or load carrying capacity, but does directly impact the
point of critical buckling for the struts.
The general behaviour of tensegrities investigated within this chapter has been found to be predictable
for the specific geometry being used, however it is unknown if this behaviour and predicted trends are
universal, or specific to the material and geometry of this structure. The assumption can be made that
for more elastic materials, a lower overall compressive load will be obtained, with the converse also being
true (i.e. higher stiffness results in greater compressive load). To ensure this, further testing will need be
conducted to investigate this theory and determine if there are any similarities between differing materials
and geometries. The universality of tensegrity behaviour will be investigated further in later chapters.
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Chapter 7

Impact of materials on tensegrity
behaviour
In this chapter, different materials are investigated to determine how material strength and stiffness
affect the overall performance of a tensegrity structure. This will be completed through a combination of
modelling and laboratory testing. Firstly, two different materials are selected which differ from the material
used previously (see Chapter 6). The materials selected are Black Magic Leader (due to similarity with the
previous material selected) and steel wire rope. Tensile testing is conducted on both materials to determine
Young’s Modulus values. Additionally, the results of a turnbuckle tensile test and a strut buckling test
are also presented, to determine load-deflection profiles of both components. The values determined will
then be used within the computer model to simulate the theoretical (and experimental) behaviour of the
structure, to compare how the material affects the overall structure and alters structural trends.

7.1

Material Selection

Before any comparison or testing can be conducted, a decision must first be made as to the materials
which are to be used. The original cable material utilised by Amendola was Shimano PowerPro braided
Spectra fibre, with a breaking capacity of 90Kg (883N). This material obtained a Young’s Modulus value
of 5.48GPa. It was decided to test tensegrities using two different types of materials. Due to there already
existing a construction and testing proceedure (Amendola et al, 2014), the first material selected would
ideally be similar to the material used in this study (Shimano PowerPro) as a direct comparison of results
can be made. Additionally, another material would also be chosen for further testing with properties
significantly different to the first.
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If a tensegrity were to be designed to resist a structural compressive load (similar to the cases being
examined within this thesis), a logical choice for cable material would be a robust, structural material,
such as wire rope. This would be chosen for its ease of use, strength, and corrosion resistance. As such, a
3.2mm 316 marine grade stainless steel wire rope was selected as the second material with a load limit of
approximately 7.85kN (Bunnings Warehouse (2021), Better Hardware (2021)). Assuming that the Young’s
Modulus of this material is significantly higher than that of the Shimano PowerPro, there may be distinct
differences between tensegrity trends.
In addition to wire rope, a material of similar load capacity to that of the spectra fibre was selected,
to determine if load capacity or material properties were more governing. For this comparison, a 90kg
(883N) fishing line was used (Black Magic Leader). Though both the Spectra and Leader are both types
of fishing line, the Spectra consists of high strength polyethylene (Bally Ribbon Mills, 2020), whereas the
Leader is comprised of extruded mono-filament nylon. While the load capacity of the line may be the
ultimate limiting factor, the stiffness of the material may allow of larger (or smaller) deflections, meaning
locking may exist as the limiting factor. Either way, investigating the differing affect of materials on the
structures will give further insight into the behaviour of tensegrities under compressive loading.

7.2

Material Testing

Before modelling is conducted, the material properties (namely Young’s Modulus) are required to accurately predict the tensegrities overall behaviour. To obtain this information, the two different materials
(steel wire rope and Black Magic Leader) were tested using an Instron universal testing machine to determine material elongation with respect to applied load. These two testing procedures differed, with the
wire rope having established testing practices (AS1138, AS2759, AS3569 etc.) whereas no such testing
procedure exists for Leader. While testing is conducted on this line, it would appear that the only desired values to be obtained from this testing is line stretch and ultimate yield (Olander, 2019). As no
established testing practice could be found in standards or literature, a testing practice was devised. This
testing practice (along with the results obtained from these procedures) are outlined in Sections 7.2.1 and
7.2.2.
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As tensegrity experimentation will be undertaken utilising these materials, pretensioning of the structure will be required. A method is devised for this by Amendola et al (2014) which is appropriate for
use with the Black Magic Leader, but proves to be insufficient for the more rigid steel wire. To introduce this pretension, turnbuckles are utilised. However, the load limit of the turnbuckles is unknown and
must devised in addition to the properties of the wire rope. The procedure for conducting this testing is
outlined in Section 7.2.3. Additionally, as all other material properties are known, it is also beneficial to
know the parameters of the struts being utilised. For small structures, the struts would likely be assumed
incompressible and rigid (due to the low slenderness ratio). However, as size of the structure increases, the
slenderness ratio increases, as does the likelihood of bending, and subsequent buckling. A test is therefore
devised to test the displacement of a longer strut under a compressive load as it bends and eventually
buckles.

7.2.1

Black Magic Leader

Firstly, the Black Magic Leader will now simply be referred to as ’Leader’ for simplicity. As no established
methodology could be found in either standards or literature, a method for determining the Young’s
Modulus for the Leader was devised. Using D-shackle clamps (purpose built for fixing within the Instron),
the Leader was tied to either end using a self-tightening knot, as shown in Figure 7.1. Utilising a knot
may result in slippage, however may be the most appropriate means for fixing. Literature has shown that
it is difficult to gain purchase on the line when attempting to determine material properties (Amendola et
al, 2014), however the line is designed so that it may be tied and not lose its fixture (i.e. hook).

Figure 7.1: Testing setup with knotted fixing
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When both ends were securely fastened, the line was pulled taught in an attempt to minimise any
potential slippage. As the knot used was self tightening, pulling the line taught should remove any slack in
the knot, and give a continuous length of line. Eight samples were tested using this procedure, with three
of these being considered failed tests. The successful five samples can be seen in Table 7.1, with Samples
1,2 and 3 being discarded results. Sample 1 was used to gauge the test speed (elongating at 1mm/min)
and had no initial length recorded, meaning no valid stress/strain result can be obtained. Samples 2 and
3, while having an initial length recorded, were not securely fastened, resulting in the fixing (knot) failing,
returning invalid results. Further tests were conducted using a different knot, resulting in no further
failures due to sample slippage. This left five valid samples (Samples 4-8) for further material examination
(shown in Table 7.1.
The length of each of the five valid sample specimens (Samples 4-8) were measured before testing
occurred, with all samples being homogeneous and without (apparent) defects. Measurements were taken
from knot to knot, with initial readings and final results being shown in Table 7.1, with the raw stress-strain
relationships from testing shown in Figure 7.2.

Figure 7.2: Stress-strain relationships for Black Magic Leader samples
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Table 7.1: Black Magic Leader properties determined through tensile testing
Samples

4

5

6

7

8

Initial Length (mm)

205

210

212

211

167

Break Capacity (kN)

0.623

0.713

0.560

0.521

0.753

Final Recorded Strain

0.3583

0.3556

0.2513

0.2811

0.4713

Overall Young’s Modulus (MPa)

1129

1303

1446

1204

1038

Linear (Average) Young’s Modulus (MPa)

1424

1299

1585

1398

1184

While an overall stress strain measurement can be taken (between the origin and the final result before
yield), this value is not completely accurate. In observing the stress-strain curves shown in Figure 7.2,
it can be seen that there is slippage which has occurred in the samples with there also being dips in
the data. For this reason, shorter sections of these samples were taken and measured to obtain (what is
believed to be) more valid results. An example of this can be seen in Figure 7.3, where three trendlines are
superimposed on the stress-strain curve for Sample 4. The overall trendline (blue) in this instance does
not best represent the behaviour of the material, as the stress-strain results are at times on either side
of the trendline. For this reason, smaller trends (or gradients determined in confined linear regions) have
been taken (red) which more accurately reflect the material properties, due to the linearity of results.

Figure 7.3: Stress-strain relationships for Black Magic Leader samples
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These smaller trends were taken for all five of the valid samples, with the linear (average) results being
shown in Table 7.1. These results (though not identical) are still somewhat similar to the overall Young’s
Modulus value. Through examining all of these trends, an overall average of 1365MPa was found, with
the median result being 1349MPa. Due to the similarity in these results, a Young’s Modulus is assumed
to be 1350MPa for Leader. This value will be used for all further analysis using this material.
It should be noted that the breaking capacity for the line (0.89kN) was not obtained for a single test.
It is believed that this is due to the manner of fixing (knot). All samples failed precisely at the location of
the knot, indicating that a multi-axial stress state was created at this location allowing for a concentration
of force, likely resulting in premature yielding, which ultimately led to the fracture of the cable.

7.2.2

Steel Wire Rope

The steel wire rope was tested in accordance with AS3569 using a total of six samples, of which, four directly
complied with the testing practices and two complied with a minor variation, with these variations being
explained later. All samples were a minimum of 600mm in length with a crimped ferule end termination
incorporating an internal thimble. An example of these end terminations can be seen in Figure 7.4. These
samples are then secured within an Instron (model 8033) and tensioned until failure occurs.

Figure 7.4: End termination of wire rope samples
The load applied to the cable is measured via two means, using the Instrons internal load cell while
also taking a simultaneous load reading through a 10kN load cell connected in series with each sample.
While the Instrons internal load cell is capable of measuring the load reliably, this specific Instron can
exert load up to 500kN. As the anticipated load for this experiment is approximately 9kN, the 500kN load
cell may not have the precision to accurately measure the ’small’ load. For this reason, the additional load
cell is incorporated.
The elongation of the sample was measured by three means, as one of these methods is experimental.
Firstly, elongation is measured via the Instron itself through inbuilt instrumentation. The second method
is through the use of an extensometer. Markings are placed on the wire rope sample (see Figure 7.5 - Top)
and measured to obtain an initial distance. An extensometer paired with extensometry software (Mercury
RT) then records the two markings, and measures second by second what the distance between those two
points is based on the initial distance.
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Figure 7.5: Tensioned steel wire with contrasting markings (Top) and mounted strain gauge (Bottom)
The third (experimental) manner by which elongation is measured is through strain gauges applied to
the surface of the cables. What makes this process experimental is the validity of the readings obtained,
as the surface the strain gauges are adhered to is not uniform. The decision in doing this was to garner
whether strain gauges are an accurate method for measuring internal wire strain. The accuracy of this
method would validate strain gauge usage for further experimentation, particularly for use in tensegrity
testing where other means of measuring internal cable strain may prove insufficient.
The strain gauges were mounted in two distinct ways. Firstly, all cables had a strain gauge mounted
directly on the surface as specified by the supplier (Bestech, 2020), with an initial layer of cyanoacrylate
(superglue) being applied to slightly fill some of the braided wire cavities, creating a more level surface
to apply to (see Figure 7.5 - Bottom). Of these samples, two had an additional strain gauge applied onto
the surface of a single crimp. This single crimp is attached directly to the wire in the same manner by
which the end ferrules are crimped, and has a strain gauge attached to the surface. If the cable elongates,
then this in turn may elongate the crimp, which can be measured on the strain gauge. This was added
as an alternative means of measuring strain if the gauges mounted directly to the cable were unable to
return valid readings. These two samples were longer than the initial four, but to remain complaint with
AS3569, an uninterrupted 600mm length of wire was included, with the single crimp being placed at one
end. An example of this strain gauge mounting can be seen in Figure 7.6.

Figure 7.6: Strain gauge mounted directly onto the single crimp
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The testing results indicate that the strain gauge mounted directly to the cable is an accurate means
of measuring strain. This was confirmed through a comparison of strain gauge readings and extensometer
readings, which appeared to align well. This verification is beneficial for further testing, as it provides an
accurate means of measuring strain in individual elements within a loaded tensegrity structure (as seen in
Chapter 9). As the comparison and validation of these findings is not of direct relevance to this research,
the validation process has been removed from the main body of this thesis, but may be found in Appendix
D. Unfortunately, the strain gauge mounted to the crimp did not measure any reading throughout testing.
For this reason, single crimps disregarded for any further means of testing.
A summary of all sample dimensions which have been tested can be seen in Table 7.2. Samples 1-4
are all approximately 650mm in length (not including the crimps and end terminations) with Samples 5-6
being longer, incorporating the single internal crimps. All samples were tested in an identical manner,
being fixed within the Instron and tensioned until ultimate yield occurs. Load was applied at a constant
2mm elongation per minute for all samples with the exception of the first sample, which was used to gauge
an appropriate load rate.
Table 7.2: Verification of design charts
Sample

Number of

Extensometer

Strain Gauges

initial length

Sample length (mm)

1

650

0

N/A

2

651

1

80

3

651

1

72

4

652

1

70

5

680

2

97

6

750

2

76

Through literature, it was found that an approximate 4% elongation should be expected within the
wire (Gimsing and Georgakis, 2012), meaning that for a 650mm sample, a 26mm extension should be
expected. Given a 26mm extension, a 2mm/min load rate for experimentation is appropriate. However, to
confirm this, slower rates are initially trialled (0.36mm/min and 1mm/min), with load rate being increased
in steps to ensure that 2mm/min does not have adverse consequences on the test specimens.
As the first sample was used to trial differing load rates, no strain gauge was applied to Sample 1, and
no extensometer reading was taken, as the load rate was adjusted intermittently throughout testing. As
such, the only valid result that may be obtained from Sample 1 is the point of ultimate yield. Though this
may seem wasteful, the sacrificial sample ensured that time was not wasted loading samples too quickly
(or too slowly), and still returned beneficial yielding results. This confirmed that a 2mm/min load rate
was most appropriate for these samples. Using this load rate, the results shown in Figures 7.7 and 7.8
were obtained.
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Figure 7.7: Load cell readings vs. time
Before any analysis is conducted on the results, there are some points which should be addressed in
regard to the load cell readings. The points that need addressing are indicated on Figure 7.7 and are as
follows:
1. It can be seen that for some of the load readings do not begin at 0. The reason for this is that the
cables were initially tensioned at the beginning of the experiment. All extensometer readings need the
wire between the two marked points (see Figure 7.5 – Top) to be taught to measure accurate strain
readings. There was no way to ensure that all sample testing began at identical initial pretension.
As this was the case, the initial load cell readings were not 0, nor did they appear to be the same.
2. There was a small initial mistake made when testing Sample 3, where the initial elongation rate was
specified (0.36mm/min). This mistake was realised at approximately 250 seconds, and the elongation
rate was changed back to 2mm/min
3. The samples tended to fail catastrophically when they reached their loading capacities. This resulted
in all 19 strands of the rope all failing simultaneously. Sample 2 resulted in a strand/strands failing
before catastrophic failure occurred, resulting in an overall change in load. The sample then continued
to elongate, and once again had a strand break. This process continued until ultimate failure
occurred.
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4. It can be seen that due to the changing rates of elongation, Sample 1 does not align with the other
samples. This was due to changing from a load rate of 0.36mm/min to 0.1mm/min and finally to
2mm/min, until ultimate failure occurred. However, what can be seen is that that ultimate load
achieved for Sample 1 is still consistent with those obtained for all other samples.

Figure 7.8: Strain gauge readings vs. time
Knowing that the strain gauge readings are considered accurate (Appendix D), these results can be
paired with the load readings (Figure 7.7) to obtain a stress-strain curve, and therefor obtain the materials
Young’s Modulus. As both the load and strain readings were taken at matching time increments, the results
will be aligned through their timestamps (e.g. the strain reading at t = 3 can be paired with the load at
the matching time).
While strain can be determined directly from the strain gauge, stress will need to first be calculated
before the stress-strain curve is created. While the diameter of the wire is 3.2mm, this is not a continuous
cross section, with the 19 individual strands creating voids within the material cross section which do
not bear any load. The Nobles general information guide (Nobles, 2020) gives the calculation for area
shown in Equation 7.1, where d is the nominal diameter of the wire, and F is the compactness factor
of the cable (0.58). Using this calculation, the cross-sectional area of 5.9392mm2 is obtained. This
gives a good benchmark for material cross-section, but it is believed that a more accurate result can be
measured/calculated.

A = F × d2
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(7.1)

Through splaying out the wire, all 19 strands may be individually measured to determine the strand
cross section. A digital set of vernier callipers was used to make these measurement, with the average
diameter being 0.64mm. It should be noted that the majority of measurements matched the average result
(0.64mm), with all results being within ±0.01mm of this value. Assuming all strands are identical, the
cross section of a single strand is calculated and multiplied by 19, giving an overall area of 6.11mm2 . This
value is similar to that found using Equation 7.1, however the 6.11mm2 value is considered to be more
accurate, and as such will be used. Knowing the cross-sectional area, the stress can now be determined.
After determining stress, the stress-strain curves are created and are shown in Figure 7.9. What should
be noted for the results shown in Figure 7.9 is that all curves have been slightly adjusted to begin at the
origin (0,0), with some results being excluded. The results excluded only pertain to post-failure results
as these are no longer relevant, there has been no adjustment to any intermediate data between the start
point and failure.

Figure 7.9: Stress-strain curves for Samples 2 - 6
What is immediately noticeable is that the samples failed at a large ultimate tensile stress. While
typical ultimate tensile strengths for stainless steel reach a minimum of 515MPa (ASSDA, 2020), the
result achieved is significantly higher than this (1535MPa – 1664MPa). This is likely due to the different
composition within cable steel when compared against structural steel (as shown in Table 7.3). The data
in this table also indicates that the typical tensile strength of steel wire is 1570MPa (for a 5 or 7mm wire),
similar to that found through testing.

113

Table 7.3: Comparison between cable steel and structural steel (Gimsing and Georgakis, 2012)

Yield stress (= 2% proof stress)
Tensile strength
Strain at breaking
Modulus of elasticity
Typical chemical composition

Conventional cable steel
Unity (5 or 7 mm wires)
MPa
1180
Mpa
1570
%
4
GPa
205

Structural Steel
Mild
High Strength
240
690
370
790
24
210
210

C
Si
Mn
Cu
Ni
Cr
P
S

0.20%
0.30%

0.80%
0.20%
0.60%
0.05%
0.05%
0.05%
0.03%
0.02%

0.20%
0.30%
0.04%
0.04%

0.15%
0.25%
0.80%
0.30%
0.80%
0.50%
0.03%
0.03%

A higher tensile value is obtained due to both the material composition of the wire and the work
hardening. As can be seen from Table 7.3, conventional cable steel typically has a higher carbon content
than regular structural steel. Containing approximately 0.8% carbon and 0.6% manganese, this would
classify cable steel as a high carbon steel (Matmatch, 2020). While increasing the toughness of the steel,
this also makes the material less ductile. This explains the large discrepancy in what is typically expected
of stainless steel, having an ultimate tensile strength of greater than 515MPa but also having an elongation
of up to 40% (Australian Stainless Steel Development Association, 2020). It can be seen in Figure 7.9 that
all samples failed (or had failed by) approximately 1.6% elongation.
The increase in material strength may also be due to the strands being work hardened. According to
Sakamoto et al (2019) “the work hardening in the wire-drawing is crucial for achieving the high tensile
strength of ultrafine steel wires such as steel cords”. This work hardening of the individual strands can
also contribute to the higher levels of ultimate tensile strength, however at the cost of reduced ductility.
These two features of the wire (material composition and work hardening) can explain the large levels of
stress required to cause failure, while also explaining the lower levels of elongation before failure occurs.
What can also be noticed from Figure 7.9 is the initial strain from Sample 2. The cause for this negative
strain is believed to be due to initial curvature of the sample, with the strain gauge having been placed
on the convex edge. When the specimen was initially loaded, this would result in the gauge measuring a
compressive (or negative tensile) load. For this reason, further analysis of this sample can be undertaken
but with scepticism, as the initial reading will have resulted in measured inaccuracies. The stress strain
curve of Sample 5 also needs to be questioned, due to the failing of a single wire strand. While the two
samples can still be used, more reliable results can be obtained from Samples 3,4 and 6.
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Using the stress strain curves shown in Figure 7.9, the Young’s Modulus for the material can be obtained
through taking the gradient of the curve. While the equation for the curve is not known, a trendline can
be taken for a subset of the data. For approximating this trendline, all results up to 0.005 strain were
considered “linear” and used to determine the gradient. This gradient was then extended to compare with
the rest of the curve. These interpolated gradients are shown in Figure 7.10. It should be noted that, as
specified previously, the data for Sample 2 would not give an accurate result and was therefore ignored.
However, the initial data for Sample 5 was sufficient to obtain a Young’s Modulus gradient.

Figure 7.10: Experimental determination of Young’s Modulus
Figure 7.10 shows the stress-strain curve with the approximated Young’s Modulus gradient. This
gradient appears to closely align with initial results and can be used to determine the point of yielding.
This is accomplished by using a 0.2% offset or ’proof stress’. The proof stress is determined through
offsetting the Young’s Modulus gradient 0.2% (or 0.002) on the strain axis. The point where this offset
line intersects with the stress strain curve is the point where the material transitions from elastic to plastic
deformation. For the purposes of further testing within the tensegrity structure, a purely elastic region is
desirable, and as such this point of yielding will be considered a failure criterion within the model.
It can be seen from Figure 7.10 that Samples 3,4 and 6 can successfully be used to obtain a point of
yielding through using this proof stress, however the same cannot be said for Sample 5. Due to the strand
failure during testing, the result is considered unreliable, and thus cannot be used to determine a point of
yielding. Sample 5 can still be utilised for determining a possible value for Young’s Modulus, but cannot
be accurately used to determine the point of yielding. All results determined for Young’s Modulus and
proof stress have been summarised in Table 7.4.
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Table 7.4: Material properties for the wire rope
Sample

Young’s Modulus (MPa)

Proof Stress/Yield (MPa)

3

152031

1390

4

152414

1540

5

139129

N/A

6

167618

1300

From these results, there appears to be a range of data for both Young’s Modulus and for the point of
yielding. Looking first at Young’s Modulus, the range varies from 139GPa to 167GPa. These values are
both quite low considering that stainless steel tends to have a Young’s Modulus value of 193GPa (ASSDA,
2020). Due to the construction of the wire, the cable as a whole may be in tension, but not all internal
forces are in pure tension, ultimately resulting in a lower overall Young’s Modulus. Other data shows that
for steel or stainless-steel cables, a lower than expected Young’s Modulus is typical. Navtec (2016) shows
that for two different types of 1x19 cables, a Young’s Modulus of either 107.5GPa or 133.7GPa can be
expected. This is similar to the result shown in the Nobles general information guide, specifying a value
of 125GPa. These results are all lower than the experimental results obtained. This may be due to an
inbuilt safety factor from the product supplier, resulting in a more conservative material strength.
Gimsing and Georgakis (2012) specify that the twisting of individual wires (strands) leads to a lower
performance outcome than that of a straight wire. This reduction in performance is ”approximately 10%
lower than the sum of the breaking strengths of the individual wires”. It is therefore expected that a value
less than 193GPa would be obtained, due to a lower than expected performance. It would not be correct
to assume that a value 10% less than 193GPa (173.7GPa) would be expected, however this approximation
is similar to the upper value reached through testing (167.6GPa). Assuming that the values obtained
should be less than 193GPa (due to the wire being coiled strands rather than a single, homogeneous piece
of steel) but greater than the conservative product specifications (107.5GPa, 125GPa and 133.7GPa), then
the results obtained through testing fall within an appropriate range. As two of the four results (Samples
3 and 4) are both consistent with each other and consistent with the average (152.8GPa), the approximate
Young’s Modulus value is taken to be 152GPa for all future testing.

116

When looking at proof stress, as mentioned previously, only three results are obtained. These results
show some variability and are all larger than the values specified in Table 7.3 (1180MPa). Chouairi et al
(2014) have found that the static yield strength for a 19x7 wire rope reach 1593MPa, which is comparable
with one of the results obtained through testing. For this reason, the results will be considered to be
correct. As the yield point is considered to be a boundary condition for the tensegrity model, and there
exists variability in the experimental findings, the more conservative value of 1300MPa will be used as the
point of yield. The reason why this value has been chosen is that it is a value achieved through testing of
the specific specimen that is to be used in the physical model. However, as there appears to be a large
degree of variability in findings with no way (other than through further testing) to obtain a more accurate
result, the lower value will be used to ensure that an elastic range is maintained. If this value is indeed
too low and does not reflect the point of transition between elastic and plastic, then the sample will still
remain within an elastic region, which is desired for the tensegrity model.

7.2.3

Turnbuckle

The inclusion of turnbuckles within a tensegrity structure allows for control to be introduced. This control
may be in manipulating initial geometry, obtaining an initial point of equilibrium, or introducing structural
prestress. While the addition of these elements is beneficial, they may limit the capabilities of the structure
due to their limited load capacity. Knowing that the load limit of the steel wire is approximately 8kN, if
the turnbuckles are incapable of resisting an equivalent load, then they may inhibit structural capabilities.
Literature shows that the turnbuckles used (316 marine grade 5mm hook-hook turnbuckles) are capable
of only resisting 105Kg (1.03kN) (RWB Marine), however this result may be greater due to inbuilt safety
factors. Therefore, the true load capacity is desired, which may be obtained through testing.
A turnbuckle is connected within an Instron via two crimped wires. The inclusion of crimped wires
was to simulate the situation in which a turnbuckle may be connected within a tensegrity between two
cables. Two crimped wire loops were created to achieve this task. These loops were affixed to the Instron
via the D-shackle connectors seen in Section 7.2.1. Through tensile testing, the load deflection curve was
found using a uniform 4mm/min load rate. These results are seen in Figure 7.11, with elongation and
tensile load being obtained using the Instron’s internal load cell and displacement measurement.
The results indicate that the turnbuckle is capable of resisting a load approximately four times (4×)
that specified by RWB Marine. However, this 4.17kN load (424.6Kg) is still less than the wire which it
will ultimately be connected to. This limits the load bearing of the wire-turnbuckle connection to the limit
of the turnbuckle, impeding the capabilities of the structures performance.
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It appears that the results for the turnbuckle have a large deflection. However, the elongation seen in
Figure 7.11 is more related to the deformation of the connecting wire loops rather than the turnbuckle itself.
This experiment was primarily focused on obtaining the load capacity of the turnbuckle, not elongation,
so this factor was neglected. However, when using turnbuckles, elongation of the turnbuckle itself will
need to be considered.

Figure 7.11: Load-deflection curve of a turnbuckle under tension

7.2.4

Strut Bending/Buckling

As several tensegrity structures will be constructed for experimentation (see Chapter 9) which are ’larger’
and therefore more susceptible to buckling, it is important to understand the behaviour of the material
being utilised for the compressive struts. Critical buckling is calculable for these elements, though this
does not mean that bending cannot occur before buckling (as previously outlined in Section 6.3.2). It is
desirable to know what this effect may be, as it may directly influence the overall results of the structure.
Bending (and buckling) will occur differently within the element depending on the specified length, so
it is desirable to test the length which will eventually be used in a full tensegrity structure. The length
(and cross sectional shape) selected for testing is 666.31mm of M12 threaded bar, with Chapter 9 further
outlining the design of the structure and reasoning for this length being selected.
It was firstly hoped that the effects of bending/buckling may be able to be simulated using simulation
softwares. Though several different software were investigated (Spacesgass, Strand7, K2E, Karamba),
the software was unable to correctly simulate the effects of bending/buckling using non-linear buckling
analysis. An example of this is shown in Figure 7.12, where an axial load is applied to a pin jointed strut.
This element is restrained from moving in any direction other than axially, with a small point load (20N)
being introduced perpendicular to the element at a central location. This point load introduces a small
eccentricity, encouraging bending within the strut.
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Figure 7.12: Example buckling simulation conducted using Spacegass
It initially appears that bending has be successfully simulated in Figure 7.12, though this is not correct.
While the center of the strut appears to bend, with a lateral (vertical) displacement being recorded
(17.05mm), a disproportional axial (horizontal) displacement is found (0.09mm). This can be confirmed
with trigonometry, assuming that the beam between the connections and the apex of bending is straight
(i.e. minimal material deformations). Without significant material elongation, it cannot be assumed that
this result is correct. This result was observed across multiple software simulations, with the assumption
being made that the software was not capable of determining the result (given the limited experience of the
modeller with each of these software packages). It is worth stating that this is not intended as a criticism
of the software, but as an example of how the software was unable to generate the desired behaviour which
is known to occur.
With software being unable to assist, literature was consulted in an attempt to determine a method
of predicting bending/buckling behaviour. Trahair and Bradford (2007) provide an equation (7.2) for
determining the lateral deflection of a strut, where δ is the lateral deflection of the member, δ0 is the
initial out-of-straightness, and Pb is the Euler/critical buckling load.
P

δ
= Pb P
δ0
1 − Pb

(7.2)

While Equation 7.2 provides a method by which to measure lateral deflection, axial deflection is more
relevant as this will have a greater impact on overall tensegrity height. Knowing the initial length of the
strut and the lateral the deflection, axial deflection is calculable, though it adds additional complexity. In
addition, the out-of-straightness value is required (which will differ for each strut). The reliability of this
equation can be validated through experimentation, though, if experimentation is to be undertaken, then
it is more accurate to use the experiment to obtain the material behaviour. Rather than implementing an
equation which requires validation and initial parameters for each test, an experiment will be completed to
measure strut behavior, with the assumption being made that all struts of similar length (made of similar
material) will behave similarly.
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To determine the desired result, an equivalent length of M12 threaded bar (666.31mm) is attached to
two threaded mounting points and clamped within an Instron. These mounting points are pin jointed (as
the connections would be within a tensegrity), giving the strut the ability to freely bend (and buckle).
The strut is then compressed (at a rate of 4mm/min) with axial displacement and load being recorded.
The experimental setup (before loading) is shown in Figure 7.13 (left), with the buckled beam shown in
Figure 7.13 (right).

Figure 7.13: Bending/buckling test conducted on M12 strut to determine axial deflection under loading
The results of the experiment are indicated in Figure 7.14. It can be seen that when the structure
reaches a point of buckling it is still able to resist load, though its capacity to resist load reduces. The data
of this bending/buckling curve may be relevant to accurately simulating the behaviour of a tensegrity as
it is loaded if the struts begin to buckle. As such, it is important to extrapolate this information so that
it may be later applied.

Figure 7.14: Experimental result of buckling bar
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Due to the non-uniformity of the curve (seen in Figure 7.14), the results are seperated in such a way
so that the data can be accurately represented as an equation. Figure 7.15 indicates how the data is
separated, with a trendline being plotted for each section of the bending/buckling results. The equations
of these lines is then determined, with Equation 7.3 accurately reflecting the axial displacement occurring
within the strut for any specific load (up to 2.113kN).

Figure 7.15: Separation of buckling results into smaller sections

(PA +0.0062)
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√

δS =

7.2.5

for

0
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for 0.021 ≤ PA < 0.179
for 0.179 ≤ PA < 1.703

(7.3)

for 1.703 ≤ PA < 1.990
for 1.990 ≤ PA < 2.113

Summary of data

The bending/buckling results obtained indicate that the strut tested can be represented as a series of
equations. While not immediately important, this series of equations will assist with more accurately
predicting the behaviour of an loaded tensegrity in Chapter 9.
Given the testing that has been conducted for the Leader and steel wire rope, their respective materials
properties have been obtained and are shown in Table 7.5. The material properties for the Shimano
braided spectra thread have also been included for comparison. The results for the turnbuckle have not
been included, as the Young’s Modulus, ultimate load and ultimate elongation were not determined. Only
a point of yielding was determined for the turnbuckle, at which point the tensegrity would have excessive
deflection caused by material failure, and would therefore be considered ’failed’.
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Table 7.5: Summary table of material properties
Material

Young’s Modulus (GPa)

Ultimate Load (N)

Ultimate Elongation (%)

Shimano Spectra

5.48

882.9

10.46

Black Magic Leader

1.35

882.9

42.47

Steel Wire Rope

152

7848

0.855

The results listed in Table 7.5 indicate that that the fishing line (both Shimano and Leader) are more
flexible than the wire rope. With this in mind, it is expected that more overall deflection in the models can
be expected, with the expected bounding criteria being locking. Conversely, the model using the steel wire
rope (with its much smaller elongation) would be expected to fail due to material bounds, being either
cable yielding or strut buckling. To confirm this, models will be simulated incorporating these materials.

7.3

Computer Simulation

To directly compare the capabilities of the differing materials, both the Leader and steel wire will be
substituted into the existing geometry specified by Amendola et al (2014), which was utilised for testing in
the previous chapter (Chapter 6). An identical process will be undertaken, changing the aspect ratios by
AR0.1 increments for a fixed strut length of 0.163m. Galapagos will be used to determine the maximum
compresive load that the model is able to resist for each of these materials, with the results being plotted
for comparison. It is important to note that for these simulations, the data obtained for the turnbuckles
is not incorporated. This data will be relevant in Chapter 9, when turnbuckles are to be used. For the
remainder of this chapter, only the Leader and steel wire rope properties will be included.

7.3.1

Black Magic Leader - Optimisation simulation

Firstly, the Leader is tested under the aforementioned conditions, with obtained results shown in Figures
7.16, 7.17 and 7.18. From examining these figures, it is obvious that there are three distinct phases
occurring within the structure due to differing failure mechanisms. These three phases occur from AR0.5
– AR 0.6 (Phase 1), AR0.7 – AR1.4 (Phase 2) and AR1.5 – AR2.0 (Phase 3).
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Figure 7.16: Optimal compressive load for differing aspect ratios using Black Magic Leader
The initial phase (Phase 1) occurs at lower aspect ratios, with compressive load linearly increasing
with aspect ratio. The primary bound for these results is initial equilibrium (vertical) pretension load
and final (horizontal) tensile load, with both results bordering on failure. Phase 2 primarily results from
locking failure. This result was expected due to the similar nature of the Shimano and BML cables.
Unlike the result seen from simulating the Shimano, the Leader appears to have two distinct ’plateaues’
within Phase 2 (as seen in Figure 7.16). All results within this phase for both the ’upper’ and ’lower’
plateau appear to be governed by locking failure, so the reason for the discontinuity in results is unknown.
Finally, Phase 3 (like Phase 1) is also bounded to material failure due to the initial equilibrium (vertical)
pretensile load exhibited in the cables.

Figure 7.17: Optimal initial pretension for differing aspect ratios using Black Magic Leader
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Figure 7.18: Optimal equilibrium pretension for differing aspect ratios using Black Magic Leader
The pretensile and equilibrium loads (seen in Figures 7.17 and 7.18) also reflect these behaviours (i.e.
separation into distinct phases). Initially, a larger horizontal pretension is seen during Phase 1, with the
optimisation attempting to make the structure taller, adjusting the geometry to be closer to an optimal
aspect ratio. When transitioning to Phase 2, the horizontal and vertical pretensions decrease and increase
(respectively) as the aspect ratio increases to maintain a more optimal geometry. The final phase (Phase
3) sees the vertical pretension being maximised at all aspect ratios to reduce the overall height of the
structure, returning it to a more optimal geometry.
These results indicate that (as anticipated) the governing maximum load the structure can withstand is
bounded by locking, due to the elastic nature of the Leader. However, the results indicate a close similarity
to the results obtained for the Shimano Line as shown in Chapter 6. The closeness of these results was
unanticipated and indicate that the results obtained for the Leader are almost directly comparable to those
of the Spectra. While not required for the simulation, it is beneficial for physical testing of the Leader,
as any results obtained through physical testing may be directly comparable to the results collected by
Amendola et al (2014). This would allow for a greater examination of physical results (against existing
data) rather than a comparison to (only) simulated results.

7.3.2

Steel Wire Rope - Optimisation simulation

Like the Black Magic Leader, the Steel Wire Rope was simulated under identical parameters to Amendola
et al’s Spectra tensegrity. The results of these simulations are seen in Figures 7.19, 7.20 and 7.21. Like
the Leader results, there appear to be three phases to this models behaviour, with these phases occurring
between AR 0.5 – AR2.1 (Phase 1), AR2.1 – AR2.3 (Phase 2) and AR2.3 – AR2.6 (Phase 3).
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Figure 7.19: Optimal compressive load for differing aspect ratios using Steel Wire Rope
The initial phase (Phase 1) is the longest and most consistent set of results (for compressive loading),
showing that as the aspect ratio increases, the compressive load also increases. However, this rate is not
linear, and appears to be reaching a plateau towards the upper end of this phase (i.e. AR2.1). The second
phase sees a further increase in load carrying capacity as the aspect ratio increases, with the final phase
(Phase 3) resulting in a slight decline. Again, these phases are a direct result of boundary conditions, with
Phase 1 being dominated by strut buckling (as previously anticipated).
What is clearly evident from these results is that the steel wire rope increases the stiffness (and strength)
of the structure, resulting in larger loads than was seen from both the Leader and Shimano. The increased
rigidity of the material results in the main failure mode being strut buckling, rather than the locking
condition seen in more flexible materials. Phase 3 does result in failure due to locking, however the larger
aspect ratios (AR2.3 – AR2.6) create a geometry where the structure begins in an almost locked state.
It is assumed that if a tensegrity were to be used for structural purposes, such a high aspect ratio would
not be used, as the struts are almost vertical, so a supporting column would be more practical. With this
assumption, it can therefore be said that these results primarily fail due to strut buckling.
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Figure 7.20: Optimal initial pretension for differing aspect ratios using Steel Wire Rope
From examining the pretensile loads (Figures 7.20 and 7.21) it can be seen that the results are inconsistent, with no clear pattern or trend. Though some results appear to be much greater than others,
when compared to the overall loads being withstood by the structure (Figure 7.19), these pretensile loads
are comparatively small. It can also be seen that when compared against the pretensile loads experienced
within the Leader structure (Figure 7.17), these results are still comparatively small. For this reason, the
assumption is made that due to the already large stiffness exhibited by the material, the optimal compressive load is obtained when there is negligible pretension existing within the cable. This is consistent with
the main failure mechanism (strut buckling) as any additional pretension would add an additional load to
the struts, resulting in premature failure.

Figure 7.21: Optimal equilibrium pretension for differing aspect ratios using Steel Wire Rope
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Upon further analysis, if strut buckling were not the main mode of failure (assuming that the struts had
been increased in size), the stiffness of the cables would likely not result in locking failure but would instead
result in cable failure. If this were true, then any pretensioning would also contribute to the structure
prematurely failing. With this in mind, the assumption may be made that for any ‘significantly’ stiff
cable material, pretension results in a sub-optimal result. In this instance, the point of what is considered
‘significantly stiff’ is unknown, however it is clear that there is a distinct difference in behaviour between
stiff and flexible materials.

7.4

Summary

In summarising the results of this chapter, it is clear that the Leader is a far more flexible material
than the steel wire rope. Simulations of how these materials behave within the confines of a tensegrity
structure reveal that the Leader should behave in a manner very similar to that of the Shimano fibre used
by Amendola, to the extent that the two are directly comparable to one another. The steel wire rope,
being stiffer and stronger than the Leader, results in a tensegrity structure capable of withstanding high
compressive loads, where the structural weakness lies in the buckling of the struts.
Material properties have been obtained through testing (see Table 7.5). The values used are assumed
correct and are supported by findings in literature. The simulations are considered to be reliable, though
further testing is still required to ensure the accuracy of the computer model. The model has been validated
against the data obtained by Amendola et al (2014), but this data is obtained from a single geometry using
one distinct set of materials. To ensure the validity of the computer model, tensegrity structures of varying
sizes and material compositions will be required to ensure the accuracy of these results.
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Chapter 8

Flexible tensegrity structures
A comparison of experimental and simulated results
In this chapter, the process for constructing and testing two tensegrity structures will be explained
(Structures 1A and 1B). The construction methodology for these structures is first outlined, closely following the procedure established by Amendola et al (2014), with the cable material being Black Magic Leader
(seen in Chapter 7) rather than Shimano. These structures are then tensioned, loaded to failure, and the
final results analysed. These structures are presented side by side due to the similarities in design and
assembly, though chronologically Structure 1A was designed, assembled and tested first, with findings used
to adjust the design of Structure 1B. The processes and results investigated in this chapter validate the
accuracy of the computer model by showing that behaviour of the experimental model is predictable, and
behaves as anticipated, giving additional validity to the design trends established previously in Chapter 7.
The construction process and results are also used to identify issues encountered, especially with regard
to accuracy of assembly.

8.1

Outlining the Method

A key objective of this thesis is to determine if a tensegrity can be designed for a specific purpose, and to
determine if it will behave according to the predictions of the established computer model. To assess this,
a physical model is required. It is desirable to immediately construct a tensegrity capable of withstanding
higher load capacities (e.g. structural loads), though it is more sensible to begin small, and establish a
foundational knowledge about construction practices for tensegrities.
Examining literature, several practices exist (Amendola et al (2014), Vrontissi (2009)), though there
does not appear to be a set method that works best. Due to the validation of the computer model being
heavily reliant on the results obtained by Amendola et al (2014), it was decided to follow the construction
method established by Amendola, to determine if these practices are applicable to large scale tensegrities,
and if results are replicable using alternate materials (i.e. Black Magic Leader).
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The procedure established by Amendola is described as a “string first” approach, where a cable net is
constructed independent of the struts through a jig. The jig (seen in Figure 8.1) allows for every cable to
be laid out with lengths being fixed, rather than the more complex method of lengthening or shortening
cables in-situ.

Figure 8.1: Jig design layout (left) with the jig assembly (right) (Modified from Amendola et al, 2014)
The jig (constructed of timber and bolts) allows for all cables to be strung to a desired geometry, with
struts added after. Each bolt has an eyelet threaded over, which the cable is threaded through. When the
cable net is fully strung, the eyelets are crimped, locking the cable in place and fixing the lengths. This
crimping is achieved by threading a nut down the bolt (on top of the eyelet), with the nut being tightened
to crimp the eyelet into position. This crimping assembly is seen in Figure 8.2. Each of these eyelets will
eventually form a connection at one of the six nodes of the tensegrity after struts have been added.

Figure 8.2: Method of fixing cable lengths (Amendola et al, 2014)
Once all eyelets have been crimped, the cable net is complete, with each eyelet creating a mounting
point for a strut. An example of this cable net is seen in Figure 8.3. At this point, all cables are measured
to obtain the initial length of each cable. Though a jig has been used, there may exist slight variations in
the length, so it is important that all cable lengths are measured. These cable length variations could be
due to a variety of reasons, such as slippage or stringing order. The measurements of these cables are all
taken from the edge of the crimped eyelet (as seen in Figure 8.4). It is noted that the jig measurements
exist for center-to-center measurements from bolt-to-bolt, so the measurements obtained will likely be
different from the designed size. This is accounted for and discussed further in Sections 8.4.1 and 8.4.2.
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Figure 8.3: Cable net constructed of eyelets and Black Magic Leader

Figure 8.4: Example of eye-to-eye measurement (modified from Amendola et al, 2014)
With measurements recorded, the struts can be added to the cable net. All struts have two bolts
threaded towards the centre of the strut length. These nuts are followed by a washer being added (on each
end), which precede the appropriate eyelets of the cable net. Though the length of these struts can be
calculated, it is ideal to leave extra length on each end. The reason for this is described soon. With the
net being loosely threaded around the strut, an additional washer and nut is then threaded over each end
of all three struts, preventing the net from falling off. This creates the basic geometry of the structure,
where it exists in a state of non-existent form (see Section 2.2.2). To give the structure ‘form’, it needs to
be tensioned to create a state of self-equilibrium.
To achieve this state, firstly either the base or top plane needs identifying. The nodes at the end
selected will be ‘locked’, creating a pinned connection between all cables and strut at that node. The end
selected will have an acorn nut threaded onto the end of the strut as far as possible. The function of this
acorn nut will be explained in Section 8.2. The outer nut which was threaded on to prevent the cable
net falling off will now be threaded down to meet the acorn nut. The eyelet and two washers are moved
down to the end of the strut, with one of the internal nuts being threaded down to this end point. This
assembly of nut-washer-eyelet-washer-nut will form the nodal connection for the tensegrity. The internal
nut is then tightened to lock the eyelet in place, preventing any motion of the cable net. An example of
this assembly both pre and post tightening can be seen in Figure 8.5. The stringing process may result
in multiple eyelets at each node, as is seen in Figure 8.5, with tightening of the inner bolt locking these
eyelets through application of a large compressive load.
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Figure 8.5: Securing a node through clamping eyelets – before (left) and after (center) with visualization
of the tensioning process (right)
To obtain a state of self-equilibrium, the final internal bolt (which should still be in the center of the
strut, is threaded in the opposite direction, which will slowly tension the cables. These bolts should be
rotated outward so that the internal length li of all three struts remains identical. Once self-equilibrium
is obtained, these internal nuts may be rotated further to introduce pretension within the structure. An
example of this is seen in Figure 8.5 (right).
This process (while simple) does not allow for individual control of each cable. The pretensioning
process will distribute a uniform load throughout the structure. When a desired level of pretension is
obtained, the nut at the end of the strut is threaded down and used to lock the node in place (much like
what was accomplished previously at the opposite end of the structure. This will create a stiff, pretensioned
tensegrity structure. Finally, cable lengths can be measured, with the internal tensile load in each cable
being calculable, and an acorn nut can be added to the final three nodes.
This process contains inherent complexity which is not apparent through explanation, but was discovered upon completion. This explanation outlines the basic process needed to understand construction.
However, each structure has their own unique qualities which will now be explained further.
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8.2

Assembly

Firstly, so as to replicate the process as closely as possible, a timber jig was first constructed. The assembly
of this jig matched the outline shown in Figure 8.1, with the horizontal cable length (LH ) being 132mm
and the vertical cable length (LV ) being 80mm (using Amendolas geometry). It should be noted that for
the dimensions stated by Amendola et al (2014), it is unknown if these lengths are the center to center
dimension shown in Figure 8.1, or if these lengths are a post-stringing length between eyelets. It is assumed
that these dimensions are the center-to-center spacing’s.
After construction of the jig was completed, issues became apparent during the stringing process. The
soft nature of the wood allowed the nuts to move and eventually shear the timber sheet, rendering the
jig inaccurate. Due to these issues, the jig was reconstructed using 1.2mm galvanized steel plate. Again,
these dimensions matched the original design specifications outlined by Amendola. The two jigs can be
seen in Figure 8.6.

Figure 8.6: Layout of the timber (left) and steel (right) jigs
Eyelets are threaded over the bolts of the jig, with the cable being strung around each eyelet to create
a cable net, with the eyelets being crimped to hold the specified cable lengths. What was discovered
post-crimping (in Structure 1A) was that some of the crimps held better than others, with some cable
lengths changing by small values. These small changes occurred at several of the eyelet connections, and
though only small changes were measured, the overall result was a non-uniform structure. This is obvious
from the lengths shown in Table 8.1. There was no simple solution apparent at the time of measurement,
so assembly continued with the hope that tensioning may even out the geometry of the structure.
To improve this process (for Structure 1B), rather than creating a single cable net, several smaller cable
assemblies were created. It was found that the string pathing used in Structure 1A created variation in
cable lengths, so by creating several symmetric cable assemblies (following identical stringing paths), this
non-uniformity would be reduced or eliminated. The cable sections created can be seen in Figure 8.7. Of
these two images, three copies of the connected cables seen in Figure 8.7 (left) are made, which (between
all three) comprise all base horizontal and vertical cables. The connected cable section seen in Figure 8.7
(right) comprises all top horizontal cables.
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Figure 8.7: Depiction of the smaller connected cables elements (Modified from Amendola et al, 2014)
With the cable net crimped, initial cable lengths are measured. The cable lengths are measured as
shown in Figure 8.5, where the cable connects with the edge of the eyelet. Due to slippages noticed in
testing with Structure 1A, Structure 1B has an additional means of measurement. Black marks are placed
on all cables, with lengths being measured. This way, if slippage of the cable occurs, results may not be
completely invalid, as the initial marked measurement will still be known, and it is likely that both marks
will still be visible on each cable. An example of these marks is seen in Figure 8.8.

Figure 8.8: Marks used to measure cable lengths and calculate pretension
Once initial measurements are recorded, struts can be added to the cable net. This process follows that
outlined previously in Section 8.1. One end of the structure was fixed (i.e. Nodes 1, 2, and 3), with the
cable net then being tensioned through the use of the internal nuts being threaded outward (see Figure
8.5). Using the fixed nodes as points of origin, the nuts on the top of the structure were threaded so
that all three internal strut lengths li were uniform. In keeping the strut lengths consistent, a level of
uniformity exists throughout the structure (even if the cable net is asymmetric).
As no specific level of pretension was desired (while also having little control over specifying the exact
degree of pretension), the internal nuts are threaded until a sufficient level of rigidity is introduced within
the structure. Though there is no distinct classification for defining ‘sufficient level of rigidity’, the structure
was considered ‘sufficiently rigid’ when light pressure could be applied to the top without failure occurring.
As there is no specific value of pretension being sought, it is difficult to quantify when the structure is
adequately pretensioned. While a higher level of pretension is desired, if the structure is tensioned too
greatly then slippage may occur in the eyelets, invalidating any initial cable measurements. The point of
‘sufficient rigidity’ is therefore used to determine when pretensioning is considered adequate.
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At this point, the top (outer) nuts are threaded down and tightened to secure the connection at the
top node, resulting in the structure shown in Figure 8.9. The cables are then measured to determine
their tensioned lengths. Both Structures 1A and 1B were left to rest for 5 days before measurements were
repeated, to see if any relaxation had occurred within the system. There was no recorded change, meaning
no relaxation had occurred. All measurements taken are shown in Tables 8.1 and 8.2. With measurements
being recorded, experimental testing can commence.

Figure 8.9: Tensioned tensegrity structure
Table 8.1: Cable measurements for varying stages of Structure 1A assembly/testing
Member

Connected

Initial Cable

Tensioned Cable

Post Testing

Number

Nodes

Length (mm)

Length (mm)

Length (mm)

1

1-6

64

69

66

2

2-4

68

71

68

3

3-5

61

69

59

4

1-2

116

121

116

5

1-3

119

125

122

6

2-3

120

124

120

7

4-5

121

125

122

8

4-6

122

124

119

9

5-6

119

124

125

134

Table 8.2: Initial and tensioned cable lengths for Structure 1B

8.3

Member

Connected

Eyelet Distance (mm)

Mark Distance (mm)

Number

Nodes

Initial

Tensioned

Initial

Tensioned

1

1-2

130

132

100

101

2

2-3

132

131

103

106

3

1-3

123

123

101

102.5

4

4-5

122

132

92.5

89

5

5-6

132

130

93.5

95.5

6

4-6

128

134

86

88

7

1-6

71

71

57

57.5

8

2-4

77

78

53

54.5

9

3-5

71

71

48

48

Testing

Testing conducted on both Structures 1A and 1B both utilised an Instron (Model 3367), using two circular
compression plates (one above and one below the structure), applying a uniform compressive load to all
tensegrity nodes. However, for correct load application, the height of each node needs to be consistent.
Figure 8.9 indicates that all strut lengths are excessive, meaning that they require shortening before testing
can commence. Due to the asymmetry of the cable net, if struts are cut to a uniform length, the node
heights will not be consistent, causing asymmetric loading. For this reason, the protruding strut lengths
cannot be cut evenly, else the top plane of the structure will not be parallel with the compressing plate.
As such, the strut is cut so that the node height was similar for all three struts, with acorn nuts being
added after cutting is complete. While lengths were not perfect, small adjustments in height were possible
by threading out the acorn nuts at the end of each strut. The acorn nuts (seen at the apex of each
strut) serve two purposes. Firstly, they may be threaded to make small adjustments in overall height (as
previously mentioned). Their second (and main purpose) is to reduce the friction during testing between
the tensegrity and the compression plates, in an attempt to reduce the effects of an unknown variable
(friction). Even with these small adjustments to height, the structure is not perfectly level, with the
largest discrepancy in height measured at 8mm.
This height differential is clear in Figure 8.10, where the compressive plate is clearly touching one apex,
but neither of the others. While an 8mm height differential is significant, Figure 8.10 shows that one strut
is significantly longer compared to the others. This height difference may have been much larger than
8mm without this additional strut length.
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The asymmetry found in Structure 1A resulted in the change in cable net assembly for Structure 1B,
as it was believed that the modifications would make the structure more symmetric. However, this was
not the case, so non-uniformity was also seen in Structure 1B during testing. Unlike the test for Structure
1A, further solutions were sought so that the node heights would be more consistent. Through further
examination of Amendola et al’s work (2014), it was noticed that spacers were utilised to ensure connection
with the compression plate was uniform. These spacers are seen in Figure 8.11 (left).

Figure 8.10: Structure 1A under compressive loading
The inclusion of spacers by Amendola alludes to the fact that asymmetry appears to be an issue
impacting other tensegrity structures, not just confined to Structures 1A and 1B. It is unknown if the
inclusion of spacers will reduce error which may occur during testing, but is believed that their inclusion
should not introduce further error. Therefore, spacers are used in testing for Structure 1B, as shown in
Figure 8.11 (right).

Figure 8.11: Inclusion of spacers by Amendola (left) and for Structure 1B (right)

136

Both structures are loaded at a constant rate of 1mm/min, with the load-deflection results being
recorded via the Instrons internal load cell. Due to the asymmetry present in both structures, it is
assumed that load was not initially applied uniformly, rather with load being applied to successive nodes,
deflecting the structure until all nodes are in contact with the load plate. The asymmetry of the structures
also resulted in partial locking before full locking occurs. Unlike Structure 1A, Structure 1B was loaded
twice. It was believed that more information could be revealed if the structure underwent a repeating load
cycle, and if no discrepancies occurred, then information may be obtained regarding the structures ability
to resist repeat loading. The initial load sequence was taken just beyond locking (stopping criteria), before
being completely unloaded. The load was then reapplied and taken beyond locking.

8.4

Results and Analysis

The results for each structure are displayed in Figures 8.12 and 8.13. It is immediately noticed from both
sets of results that the trends appear to be linearly increasing up to locking, at which case the gradient
further increases (as expected). However, this differs from the results obtained by Amedola et al (2014),
as those results have a distinct non-linear trend before locking occurs.

Figure 8.12: Load-deflection curve for Structure 1A
The other fact which is immediately obvious is the similarity between loads S1B.1 and S1B.2. Repeated loading appears to follow the same load-deflection curve almost exactly, indicating the capacity for
tensegrity structures to withstand repeated load. While the extent to which this is possible is unknown,
it is promising to see that if the structure remains in an elastic state, repeated loading can occur without
substantial permanent deformation. This behaviour requires further testing.
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Figure 8.13: Load-deflection curve for Structure 1B undergoing repeated loading
While an analysis of both structures is possible, it is decided that these analyses should be conducted
separately. It is possible to conduct and present these analyses side-by-side (similar to that seen in the
assembly and testing sections of this chapter), though for clarity (and to reduce confusion), these analysis
will be conducted separately for each structure.

8.4.1

Structure 1A - Analysis

It can be seen from Figure 8.12 that the points of 3 point contact, initial locking and full locking have
been indicated. 3-point contact indicates the point at which all three nodes (for both the top and base)
are in contact with the compression plate. Initial locking indicates the point at which any of the three
struts come in contact with another strut, and full locking is where all three struts are in contact with
each other.
Following testing, the structure is again measured, with all cable lengths recorded. These measurements
are taken in the same manner as initial and tensioned measurements, so as to remain consistent. These
measurements are seen in Table 8.1. Comparing the cables lengths to those initially measured, it is seen
that some have returned to their original length, and some have increased in length. This is expected, as
the cable has deformed plastically, resulting in permanent elongation, though this has not occurred in all
cables. Two cables (Cables 3 and 8) have decreased in length, which should not be possible. The only
explanation for this change is that the cables have slipped, with the eyelets not sufficiently holding the
cables in place. It can therefore be surmised that slippage is a factor in the testing of this structure and
may be a factor resulting in the lack curve witnessed previously in load-deflection results.
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This apparent slippage will likely result in inconsistencies for any comparisons drawn between the
recorded results for Structure 1A, the results obtained by Amendola, and any results predicted via computer simulation. Though variation is expected, a comparison is still undertaken, with the first comparison
being made between Structure 1A and the tests of Amendola et al (2014). Due to the similarity in geometry, a direct comparison is possible, though experimentation has shown that differences exist between the
Young’s Modulus of the cable materials used. This will need to be taken into consideration.
The structures will first be compared geometrically. As stated previously, jig measurements have been
made center-to-center, which differ from cable measurements, however it is clear (from Figure 8.14) that
the cable measurements made by Amendola do not align with the results reported. As such, the assumption
is made that a conversion factor has been used to determine tensioned lengths, using the center-to-center
distances as an initial length. This same approach will be undertaken to make the experimental results
more comparable to that of Amendola.

Figure 8.14: Comparison between actual and presented data (modified from Amendola et al, 2014)
To apply this conversion factor, all horizontal lengths (center-to-center) are initially assumed to be
132mm, and all vertical lengths (center-to-center) are initially assumed to be 80mm. These values are
then multiplied by an appropriate conversion factor to obtain their pretensioned lengths. This conversion
factor is unique for every cable, and is determined by dividing the tensioned cable length by the initial
measured cable length. As an example, Cable 9 is assumed to be 132mm long initially. Its pretensioned
length is then determined by multiplying 132 by the ratio of pretension to initial length (124/119), to
obtain a pretensioned length of 137.54mm. While this may not be completely accurate, it does allow for
more direct comparison between the two sets of results. These updated lengths are shown in Table 8.3.
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Table 8.3: Factored (center-to-center) cable lengths
Member

Connected

Initial Cable

Tensioned Cable

Factored Initial

Factored Tensioned

Number

Nodes

Length (mm)

Length (mm)

Cable Length (mm)

Cable Length (mm)

1

1-6

64

69

80

86.25

2

2-4

68

71

80

83.53

3

3-5

61

71

80

90.49

4

1-2

116

121

132

137.69

5

1-3

119

125

132

138.66

6

2-3

120

124

132

136.4

7

4-5

121

125

132

136.36

8

4-6

122

124

132

134.16

9

5-6

119

124

132

137.55

Taking an average of the horizontal and vertical cable lengths, Structure 1A can be compared to the
results of Amendola et al (2014). A comparison of these lengths is shown in Table 8.4. However, the
material utilised in Structure 1A (Black Magic Leader) does slightly differ from the material used by
Amendola (Shimano Spectra). These two materials have a distinct difference in Young’s Modulus, so
a direct comparison judged solely on cable elongation is not equivalent. To account for this, the cable
elongation (and material properties) is used to determine internal tensile load, as this will better compare
the structures. A comparison of these determined results is also seen in Table 8.4.
Table 8.4: Comparison of results between Structure 1A and Amendolas experimental models
Experiment 1

Experiment 2

Experiment 3

(Amendola)

(Amendola)

(Amendola)

Initial Horizontal Length (mm)

132

132

132

132

Final Horizontal Length (mm)

134

136

140

137

Initial Vertical Length (mm)

80

80

80

80

Final Vertical Length (mm)

81

83

85

87

Horizontal Tension (N)

37.7

75.4

150.8

78.8

Vertical Tension (N)

31.1

93.3

155.5

181.9
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Structure 1A

It is clear from these results that Structure 1A is most likely comparable to the results of either
Experiment 2 or Experiment 3. These results are plotted in Figure 8.15 (including Experiment 1) for
comparison. It is immediately obvious from these results that Structure 1A does not align with the
results obtained for Experiment 2 or Experiment 3, but rather more closely aligns with the results of
Experiment 1. The reason for this disparity is likely due to slippage or a difference in material properties
(or both). However, what is observed is that locking does appear to occur at a similar point for Structures
1A, Experiment 2 and Experiment 3. For these reasons, the results are not directly comparable. It is
interesting to note that no apparent slippage was reported by Amendola et al, though it is believed that
this is due to the finer thread used, and the possible inclusion of knots in the line are not visible in the
images supplied. This would result in greater friction, and reduce any likelihood of slippage.

Figure 8.15: Comparison of experimental result to Amendola et al (2014)
It is obvious from Table 8.3 that discrepancy exists in the physical structure creating asymmetry.
Due to this asymmetry, it is difficult to obtain simulated results as the computer model was developed
with the assumption of the structure being symmetrical. Rather than attempting to develop a new
asymmetric model, four different cases are developed to approximate how the structure would behave if
it were symmetric. These four cases have been determined based different assumptions (outlined below),
with all cases modelled in turn. The key factor guiding each of these cases is the behaviour of internal
pretension. Ideally, these assumptions will result in a computer model approximating a correct result for
the lab experiment without making large changes to the measured results. These cases are:
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Case 1 – Minimum vertical tension, maximum horizontal tension
As the structure is asymmetric, the top nodes are loaded successively as the structure slowly deforms.
At the instance of full contact (i.e. all nodes touching the compression plate), two nodes will have been
compressed, resulting in a lower level of vertical pretension and a corresponding increase in horizontal
pretension. To accommodate this change, the initial minimum (measured) vertical pretension is applied
as an overall vertical pretension, while the initial maximum (measured) horizontal pretension is applied
as the horizontal pretension.
Case 2 – Average vertical tension, vertical horizontal tension
While forces may not be distributed evenly throughout the structure, equilibrium is still maintained.
This equilibrium still maintains the approximate geometry, which was initially desired. Therefore, an average of all vertical pretensions and average of horizontal pretensions can be taken, giving the approximate
pretension values.
Case 3 – Shortest vertical cable tension, longest horizontal cable tension
Similar to Case 1, this case is dependent on 3-node contact occurring. 3-node contact is assumed to
occur when the top node connected to the shortest length vertical cable is in contact with the compression plate. Therefore, the vertical tension is taken to be the value of pretension in the shortest vertical
cable. Likewise, when compressed, the horizontal cable lengths are expected to increase. The horizontal
pretension is therefore taken to be the tension shown in the longest cable length.
Case 4 – Average vertical tension, maximum horizontal tension
Due to the unknown changes in internal forces leading up to 3-node contact, the exact level of pretension
within the cables is questionable. However, it can be assumed that horizontal pretension will increase
leading up to 3-node contact. Due to the unknown vertical pretension, the average pretension value
is taken, with the maximum horizontal pretension also being used to reflect the increased horizontal
pretension state at a point of 3-node contact.
The approximated values for these four cases can be seen in Table 8.5, with simulations using these
assumed initial variables shown in Figure 8.16.
Table 8.5: Relaxed and Tensioned lengths for differing simulated cases
Case

Initial Vertical

Tensioned Vertical

Initial Horizontal

Tensioned Horizontal

Number

Cable Length (mm)

Cable Length (mm)

Cable Length (mm)

Cable Length (mm)

1

80

83.53

132

138.66

2

80

86.63

132

136.78

3

80

86.25

132

138.66

4

80

86.63

132

138.66
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Figure 8.16: Simulated models of Structure 1A for all four approximated cases
What can be immediately said about these results is that though the gradients differ, all appear to
indicate locking occurring at approximately the same point (i.e. matching displacements). This point of
locking closely matches the result obtained through experimentation (as shown in Figure 8.16). It is also
very obvious that the Case 1 load-deflection is similar to the experimental result, with the other three cases
(2, 3 and 4) having a larger discrepancy. These differences may be due to slippage, structural asymmetry
or a combination of both, though it is currently difficult to pinpoint the specific reason.
The assumption has been made that the Young’s Modulus for the Black Magic Leader was 1350MPa,
though variation did exist with this result (see Chapter 7). Therefore, the same simulations were completed
using the lower bound obtained during material testing (i.e. 1150MPa). These additional simulated results
are shown in Figure 8.17. The difference in material properties did not appear to have a large difference
on the results overall, with similar results obtained to the original simulation.
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Figure 8.17: Simulated models of Structure 1A for all four approximated cases using 1150MPa
Though the simulated results of Case 1 appear to somewhat simulate what has occurred, the results
are still inconclusive as to how accurately the model is able to predict the results. It is known that both
slippage and asymmetry have an impact on these structures, which is likely the reason for the divergence
between experimental and simulated results. Though variability exists, this single result does not draw
into question the accuracy of the computer model, but rather highlights how additional factors can impact
the accuracy of a prediction.
The questionable nature of results obtained for Structure 1A was (in part) the reasoning for constructing
an additional model, though it was assumed that mistakes could have been made or issues identified
which could be addressed in additional construction attempts. Also, testing multiple models consisting of
equivalent material is desirable when determining behavioural properties. The information learned from
the construction of Structure 1A was considered and adjusted for Structure 1B (as is outlined in Sections
8.2 and 8.3)

8.4.2

Structure 1B

Following the same procedure as Structure 1A, post testing measurements were taken to determine if
slippage occurred. Unlike Structure 1A, these measurements were not obtained in an unloaded state, but
rather were taken using the markings placed on the cables. These measurements are shown in Table 8.6
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Table 8.6: Comparison of pre and post testing mark measurements
Member

Initial

Tensioned

Post Test

Number

Measurement (mm)

Measurement (mm)

Measurement (mm)

1

100

101

101.5

2

103

106

106

3

101

102.5

102.5

4

92.5

89

89

5

93.5

95.5

96

6

86

88

87.5

7

57

57.5

58

8

53

54.5

54

9

48

48

48

Comparatively, there is very little difference between the tensioned results measured before and after
testing, indicating that slippage has likely not occurred. Though the results differ slightly, the differences
may be due to errors associated with the measuring process. The only result which has definitive change
is Member 4, where a decrease in length is seen between initial and tensioned measurements being taken.
This is impossible, as initial measurements have zero load applied, so this difference is likely due to an
initial measuring error. From these results, it is safe to assume that the improvements made to crimping
successfully resolved the issue of slipping which was prevelant in Structure 1A.
If it is assumed that no slippage has occurred, then a comparison may be made to both Amendolas
results, and to a simulated model. Firstly, before any comparison is made, the internal forces must be
determined. These forces are calculated using both the eyelet measurements and marked measurements,
and are shown in Table 8.7. It can be seen that there still exists a large degree of discrepancy between the
calculated results. This is likely due to structural asymmetry, with the load being distributed unevenly,
but may also be due to error in measurement.
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Table 8.7: Calculated pretensile load in each cable in Structure 1B determined from measured lengths
Member

Tensile Load

Tensile Load

Number

Eyelet (N)

Marking (N)

1

32

21

2

-16

61

3

0

31

4

170

-78

5

-32

44

6

97

48

7

0

18

8

27

59

9

0

0

If these results are to be compared against those of Amendola et al (2014), then a similar comparison
process must be undertaken as was completed for Structure 1. A conversion factor is used to equate
the intial and tensioned lengths, with this information (and material properties) being used to calculate
tensile load. Taking the average of this load in both the horizontal and vertical cables, the values are then
compared against those obtained from Amendolas experimental models. The comparison of these values
is indicated in Table 8.8. It can be seen that for Structure 1B, as there exists two methods by which
measurements were taken, both of these values are included.
Table 8.8: Comparison of results between Structure 1B and Amendolas experimental models
Experiment 1

Experiment 2

Experiment 3

Structure 1B

Structure 1B

(Amendola)

(Amendola)

(Amendola)

(Eyelet)

(Mark)

Initial Horiz. Length (mm)

132

132

132

132

132

Final Horiz. Length (mm)

134

136

140

134.7

133.3

Initial Vert. Length (mm)

80

80

80

80

80

Final Vert. Length (mm)

81

83

85

80.3

81.8

Horiz. Tension (N)

37.7

75.4

150.8

41.8

21.2

Vert. Tension (N)

31.1

93.3

155.5

9

45.7

The results of Table 8.8 indicate that the load experienced within the cables is somewhat similar to
that seen in Experiment 1. Knowing that slippage is not as large a factor affecting Structure 1B, this
indicates that a more reliable comparison should be possible. The results of test S1B.2 is plotted alongside
Experiment 1 in Figure 8.18. It is seen that there exists a stronger correlation between the result in Figure
8.18 than was previously obseverved between Amendolas results and Structure 1A in Figure 8.15.
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Figure 8.18: Comparison of Structure 1B and Amendolas Experiment 1
The similarity witnessed supports the theory that slippage does not affect Structure 1B to such a
large degree, and that slippage was in fact a main contributor to the error seen previously. Assuming
that the results of Structure 1B are reliable, a simulation can be conducted for further comparison. Due
(once again) to the asymmetry which is apparent in the structure, the four cases established previously
for Structure 1A are implemented, so that several simulations can be developed based on differing initial
assumptions. Due to the existence of multiple measurements, these cases are implemented for both the
eyelet measurements and marked measurements, with the ’symmetrical’ measurements for each case shown
in Tables 8.9 and 8.10.
Table 8.9: Adjusted relaxed and tensioned lengths for eyelet measurements
Case

Initial Horizontal

Tensioned Horizontal

Initial Vertical

Tensioned Vertical

Number

Cable Length (mm)

Cable Length (mm)

Cable Length (mm)

Cable Length (mm)

1

80

80

132

138.2

2

80

80

132

133.2

3

80

80

132

138.2

4

80

81.2

132

138.2

Table 8.10: Adjusted relaxed and tensioned lengths for marked measurements
Case

Initial Horizontal

Tensioned Horizontal

Initial Vertical

Tensioned Vertical

Number

Cable Length (mm)

Cable Length (mm)

Cable Length (mm)

Cable Length (mm)

1

80

80.4

132

135.8

2

80

81.2

132

133.4

3

80

80.4

132

135.8

4

80

81.2

132

135.8
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It can be seen that for both sets of approximated results, Cases 1 and 3 are identical. As such, only
three simulations (rather than four) are required for both sets of measurements. The results of these three
(or four) simulations shown in Figures 8.19 and 8.20. Examining the eyelet measurement simulations,
all three (or four) of the differing cases somewhat align with the actual results, with one aligning almost
perfectly (Case 1/Case 3). The point of locking indicates a larger gradient in the simulated results, when
compared against the actual. The exact reason for this is unknown, though it is assumed that this may
result from the asymmetry of the structure. Due to the non-uniformity, loads may not be distributed
evenly throughout the cable net (as would be expected in a symmetric structure), resulting in some cables
bearing more load than others, resulting in additional deflection in the structure. However, this is purely
speculative. In fact, as locking is considered a point of failure, the results obtained after this point are not
relevant, though it would be beneficial to understand the difference in gradients. Though the cases are
approximated initial criteria (due to the asymmetry of the structure), the similarity witnessed between
simulated and actual results indicate that the model is capable of correctly predicting tensegrity behaviour,
confirming the validation undertaken using Amendola et al’s results (Chapter 5).

Figure 8.19: Comparison of simulated results to recorded results using eyelet measurements

Figure 8.20: Comparison of simulated results to recorded results using marked measurements

148

The simulated results (determined using the marked dimensions) appear to also fit the experimental
data well, with Cases 2 and 4 having a better fit rather than Case 1/ Case 3. However, it can also be seen
that unlike the previous results (Figure 8.19), the simulated results made from the marked measurements
all appear to indicate locking occurring after it has actually occurred. This may indicate that the marked
measurements are less reliable than the eyelet measurements, though the general behaviour predicted by
the simulation is still quite accurate. It appears that even though the marked dimensions were envisioned
as being more accurate previously, their initial variables appear to return less valid solutions. This being
said, they are still capable of obtaining a general behavioural trend.
Comparing both Structures 1A and 1B, it would appear that the cases utilised were able to assist in
correcting initial parameters for both asymmetric structures. The simulations made using these initial
results were able to show a general region in which the structure would be expected to behave. Though
different cases were found to be more accurate in different scenarios, these cases are not expected to
accurately convert asymmetric models to symmetric models, but rather assist in predicting behaviour.
Cases 2, 3 and 4 for Structure 1A indicate that a steeper load deflection curve was expected (aligning more
with Amendolas Experiments 2 and 3). These findings (as well as discrepancies noted in measurements)
indicate the prevalence of slippage in the apparatus. The slippage detected has affected the results of this
test, but still provided insight into improvements which can be made in the assembly process.
The smaller scale of the both Structures 1A and 1B appear to result in a larger sensitivity to errors,
while also making assembly difficult. Though useful in calibrating and testing the validity of the computer
model, these smaller structures are of little practical use. The general behaviour of a tensegrity may
still be examined, though it is apparent that (at small scale) tensegrities are incapable of bearing larger
load. The optimization previously undertaken (Chapter 6) indicates that these smaller scale structures
are capable of bearing higher loads, though there exists a gap between theory and practicality. Theory
illustrates a greater potential than what was achieved, however, the practical testing identifies that these
structures rely greatly on strong connections. Theory assumes that these connections will not deform,
when in practice, the cable (held by friction and made of fishing line) has specifically been designed to
reduce potential friction.
This lack of dependable connection between the cables and nodes has resulted in flaws within the
structure, with slippage being the main contributor to these errors, limiting the amount of pretension
which can be introduced without permanently altering the structural geometry. Slippage can also occur
during the loading process, affecting the obtained results. The other key contributor is human error,
whether attributed to measurements taken, or errors in construction. At smaller scale, these errors have
a larger impact on the structure, resulting in larger discrepancies.
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8.5

Concluding Remarks

It appears from the findings of both Structures 1A and 1B (as well as information inferred from Amendola
et al (2014)) that asymmetry in tensegrities is common when geometric control is limited. This asymmetry
may result from one of several reasons, though the most likely cause is the method of connection. The
connection process therefore needs improvement to consistently obtain more reliable results. The repeat
loading conducted on Structure 1B indicates that tensegrity structures (if correctly assembled) are capable
of resisting repeated loading without suffering significant permanent deformation. Though the material
used in this chapter is not structural in nature, it is still promising for tensegrities ability to be used as a
structural element.
The repeat loading (as well as marked measurements) also support the validity of Structure 1B, and
its resistance to slippage of cables through connections. These accurate results are then used (in addition
to Amendola et al’s experimental results) to support the validity of the computer model. Overall, the
computer model is assumed as reliable, with it being able to predict structural behaviour within a small
margin of error. This is supported by the model accurately predicting the point of locking, which could
only be obtained if material parameters and internal forces were behaving as expected. Though the model
is not infallible, it can correctly predict the general behaviour of the structure and determine an accurate
load-deflection curve.
Slippage and errors in measurement have created structural inconsistencies, which are likely less prevalent in larger, stiffer structures. Therefore, additional data shall be collected through the testing of larger
tensegrity structures, where error in measurement will have less impact on the predicted results, and
connections can be constructed more reliably. These structures will also be more relevant in determining
the structural capabilities of tensegrity structures, due to the material (particularly the cables) being of a
more structural nature (i.e. steel). Examining these structures will also validate the computer model for
greater variances in geometry and material properties, while additionally providing the extra data required
to conclusively determine the accuracy of the computer model.
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Chapter 9

Stiff tensegrity structures
A comparison of experimental and simulated results
The following penultimate chapter examines the design, assembly and testing of two larger scale tensegrity structures. The two structures have differing shapes, members and connection properties, with improvements to numerous aspects being made between the construction of the first and second structure.
For each structure, there will be an initial design, guided by findings from previous chapters, and utilizing
the computer model. Like Chapter 8, these structures are presented side by side, due to the similarities
in design, assembly and testing, though chronologically Structure 2A was designed, assembled and tested,
with findings used to adjust the design of Structure 2B. Unlike the previous chapter, this resulted in
substantial changes. The reasoning for these changes will be outlined in the design and assembly steps,
with the analysis of results supporting these changes.
The aim of this chapter is to examine the validity of the design methodology which has been established
thus far. This will be determined based on the accuracy of geometry, and the behaviour of the internal
forces existing within both the horizontal and vertical forces. Assuming that the experimental results align
with those that were predicted, then the design methodology will be considered successful. Additionally,
this chapter will also explore the accuracy of the computer model. Thus far, small, flexible structures
have been the primary means to validate the computer model. These stiffer structures will act as a means
to examine if the model is capable of predicting the behaviour of structures comprising of more rigid
materials, which may be beneficial in assisting with future tensegrity design.
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9.1

Introduction

The previous tensegrity structures which have been examined have all been small in scale, using materials
which would not be considered ‘structural’ (i.e. fishing line). In addition, the verification of the computer
model has been largely reliant upon small scale structures (Amendola et al, 2014)(Fraternali et al, 2014).
Until this point, the results generated by the computer model have been considered reliable, though there is
no evidence supporting the validity of the computer models results for larger structures capable of bearing
a larger load. It is therefore ideal to construct and test a larger tensegrity, to determine if the capabilities
of the structure can be predicted by the computer model in a similar fashion to the predictions made of
the smaller structures shown in Chapter 8.
The process of designing and constructing this structure will follow the processes established previously
(Chapter 8), determining if the practices used for small tensegrity design can be adequately scaled for a
larger structure. Additionally, the material testing information determined in Chapter 7 will be incorporated within the design process. The design parameters will first be outlined, specifically the bounds for
the structure (height and radius), before calculations are performed to determine specific member lengths.
The primary bounds for the structure will be geometric, with the confines of the testing apparatus limiting
the overall size of the structure.
The testing apparatus to be used is an Instron model 3367 (for Structure 2A) and an Instron model
1343 (for Structure 2B). The Instron 3367 has a maximum allowable sample width of 400mm, and a vertical
travel distance of 1200mm, though the inclusion of the compression plates (with a diameter of 330mm)
limits this travel distance to 700mm. This gives the physical bounds for design for Structure 2A. The
Inston 1343 does not have such a limited width/travel distance. The compression plates give a diameter
of 500mm, with a vertical travel distance of approximately 2000mm, giving a much less restrictive design
space for Structure 2B.
In addition to the size limitation placed on the structures, both Structures 2A and 2B will be designed
using 3.2mm steel wire rope, as seen in Section 7.2.2. The cable assemblies will ideally also include
turnbuckles, allowing for the introduction of pretensile loads, while also allowing geometric control over
the structure. These limitations specify the bounds by which each of the structures may now be designed.
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9.2

Design

The physical limitations specified previously (Section 9.1) give maximum volumetric constraints for the
respective testing apparatus. Initially, it was envisioned that both Structures would be tested using the
Instron 3367, though following the results of Structure 2A (and changes that were implemented) a larger
apparatus was required. Structure 2A was designed in accordance with the limitations previously indicated
(i.e. 700mm high, 330mm base diameter). Using this information, a preliminary design was completed.
Using the maximum space available, height is divided by diameter giving an AR of 2.12. This will also
result in the structures nodes being located on the compression plate edge, which may result in testing
failure if contact was lost between the node and the compression plate edge. To eliminate this possibility,
the diameter of the structure is to be scaled down, so that it can adequately fit on the compression plate.
The structures diameter is reduced to 300mm, resulting in an aspect ratio of 2.33. As seen in Chapter 7
(Figure 7.19), steel wire rope structures appear to behave predictably between AR0.5 and AR2.1. Though
it is unknown if this behaviour will scale accurately, it would be more beneficial to select an aspect ratio
within this range, preferably with a higher load capacity. As such, the aspect ratio was adjusted to AR2.0,
with geometry being accordingly altered. The selected aspect ratio (AR2.0) gives an overall height of
600mm and a diameter of 300mm. The struts will be made from M12 threaded bar, with the cables
needing to be fixed to the struts in some manner, requiring a method of connection.
A 3mm thick steel connection plate was designed, incorporating a welded nut, a pressed wheel cradle,
and 3.2mm holes for wire fixing. This design can be seen in Figure 9.1, with the left bracket revealing
the welded nut attached to the base, an attached thimble and an empty wheel housing, while the right
bracket has an assembled wheel housing. The complete layout and assembly of this bracket can be seen
in Figure 9.2. The inclusion of a wheel housing (and subsequently, a wheel) were to reduce the effects of
friction. While this was accomplished through the inclusion of an acorn nut previously (see Chapter 8, it
was thought that a wheel would further reduce the effects. Several flaws were discovered for this design
during assembly and testing, resulting in design changes being required for Structure 2B. These changes
are elaborated on further within this section.

Figure 9.1: Tensegrity connection plate
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Figure 9.2: Connection plate design
Using this design information, member lengths are calculated for struts, vertical and horizontal cables using Equations 5.2, 5.3 and 5.4 respectively. Struts are calculated to be 666.31mm, while the
vertical/horizontal cables are 605mm/259.8mm respectively. Turnbuckles incorporated into the cable net
(Section 7.2.3) have a minimum/maximum length of 116mm/172mm respectively. The designed horizontal
length is a node-to-node length, meaning that with the inclusion of the connection plates and cable end
terminations, it is unfeasible to incorporate turnbuckles within the design. Therefore, turnbuckles are only
incorporated into the vertical cable assembly, with horizontal cable assemblies only consisting of wire rope.
This limits structural control, but allows for a feasible design which fit within the testing apparatus.
Unlike Structure 2A, Structure 2B opted for smaller aspect ratio so as to make the vertical and
horizontal cable lengths similar. The reasoning for this was so that turnbuckles could be used in all cable
assemblies, rather than just vertical cable assemblies. For this reason, an aspect ratio of AR0.95 was
decided, so that both the horizontal and vertical the cable assemblies would be similar. Additionally,
variation was sought between the two stiff designs, to determine if the computer model was robust enough
to accurately predict behaviour for varying geometrical conditions.
With the information determined previously (height 2000mm, diameter 500mm), and knowing the
initial aspect ratio being sought, the design can be accurately determined. To ensure the designed structure
adequately fits on the compression plate, a diameter of 461.38mm is specified. This value was determined
using an initial strut length of 625mm and an aspect ratio AR0.95. This will allow (approximately) 20mm
of allowable space between all nodes and the compression plate edge. Also, the aspect ratio is a ratio of
height to diameter (i.e. 0.95 =

h
2r ),

meaning that a substitution can be made (using Equations 5.3 and

5.4) to determine the vertical/horizontal cable lengths. These equations yield lengths of 454.17mm and
399.57mm for the horizontal and vertical cables respectively, while height is calculated at 438.19mm.
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Structure 2B will also be comprised of 16mm diameter steel bar, in an attempt to reduce the effects
of bending/buckling. This will be discussed more in Sections 9.5.1 and 9.5.2. Additionally, alterations are
made to the connection plate and method of connection. The connection plate developed for Structure 2A
was found to have issues in assembly (further explained in Sections 9.5.1 and 9.5.2), making connection to
the struts complex. The plate was also found to be prone to deflection (further explained in Section 9.5.1).
Therefore, the design was updated to make the tabs less slender, make the connection points wider, and
simplify the attachment process.
To eliminate the difficult assembly for structure 2B, the welded nut (seen in the previous design) is
removed completely in favour of a connection method similar to the eyelets seen in Structures 1A and
1B (Chapter 8). The connection plate will be slipped over the strut, and fixed in place using a pair of
nuts. The connection point sizes are increased from 3mm to 5mm, though this results in less material
between the edge of the plate and the connection point. The plate perimeter is therefore modified so that
a distance of no less than 5mm exists between the perimeter and the connection points. Additionally, as
no benefits were seen in the inclusion of the wheel, it is removed, simplifying the design further, in favour
of an acorn nut. A comparison of the previous and newly designed plates can be seen in Figure 9.3.

Figure 9.3: Plate design used for Structure 2A (left) and updated design for Structure 2B (right)
To mount the plate, a hole is drilled in the center, which will allow the plate to slide along the strut.
As the strut diameter is 16mm, a 16mm hole is required. This size seems excessive, and as the original
connection plate was designed in proportion with a 12mm bar, it is more reasonable to create a 12mm
hole, and machine the strut ends to a 12mm diameter (with threading). As all the fastenings had already
been acquired for a 12mm bar, this design allowed these fastenings to be used for Structure 2B. The strut
will therefore be 700mm in length, with 37.5mm being machined on each end to the size of an M12 thread,
leaving the desired overall 625mm length for the strut. The plate will rest on the shoulder created between
the thread and the 16mm diameter, with a washer placed both above and below the plate. The plate will
then be fastened from above via a nut. Finally, an acorn nut will be affixed to the end of the strut, much
like that seen in Structures 1A and 1B. The layout for the strut is shown in Figure 9.4, with the plate
connection for this ending shown in Figure 9.5.
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Figure 9.4: 16mm diameter strut with M12 ends for plate attachment

Figure 9.5: Plate connection assembly
As a turnbuckle is to be included, and the dimensions of the turnbuckle and the connection plate
are known, the final geometry of the structure can be calculated. The distance between the central bar
connection and all cable connection points is approximately 25mm. With this in mind, the vertical cable
assembly will need to be 404.17mm. As a turnbuckle is also to be included in this assembly, the assembly
length must be further reduced by the length of a turnbuckle at maximum extension (175mm), resulting in
a cable length of 229.17mm. A similar process is undertaken for the horizontal cables, resulting in a cable
length of 174.57mm. Due to the hook present at either end of the turnbuckle, it is difficult to assemble
the structure if the precise cable lengths are used. Therefore, the cable lengths are rounded up (to 230mm
and 180mm respectively) to simplify the assembly process. Any slack in the cable assemblies created by
doing this will be eliminated through tensioning of the turnbuckles. With all the necessary dimensions
known, fabrication and assembly is possible for both Structures 2A and 2B.
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9.3

Assembly

The assembly of the cables requires precision, an issue that was clearly identified while assembling Structure
1A and 1B. Like the assemblies demonstrated in Chapter 8, a jig is used to assemble the initial cable lengths.
While a jig was used previously with mixed success, the connection process for the wire rope cables is
believed to be more reliable, and less prone to slippage than that seen with the Black Magic Leader.
The horizontal cable length of Structure 2A was previously calculated as 258.8mm, meaning that the jig is
constructed so that all cable lengths are similar to this length. It is worth noting that the length (258.8mm)
is the node-to-node length, not the length of the cable itself. The geometry of the connection plate will
reduce the overall cable length, though this can be accounted for in the jig fabrication. As such, the cable
length will be smaller than 258.8mm, but the distance from node-to-node will approximately equal this
value. As previously mentioned, turnbuckles are unfeasible for use in the horizontal cable assemblies of
Structure 2A, so all horizontal cables will be fixed length.
The jig was manufactured such that two connection plates may be installed, with the cable being strung
taught between them, ensuring a constant (horizontal) length between nodes. This setup can be seen in
Figure 9.6, with the connection plates being attached to bolts, and the yellow dashed line indicating where
a cable would be attached. When a cable is attached, the bolt is unscrewed from below the jig, releasing
the plates. When stringing, it was noticed that the thimble would not fit through the 3.2mm hole which
exists in the connection plates. While the thimble (see Figure 7.4) itself is not imperative to the test, its
function mitigates premature failure from occurring in the cable as it eliminates the potential for a stress
concentration to develop in the steel wire. For this reason, the plate connection hole was widened to 5mm
(from 3.2mm).

Figure 9.6: Two connection plates attached to the assembly jig in preparation for cable installation
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It is also noted that the 3.2mm diameter hole on the connection plate was not sufficiently sized to
accommodate for a turnbuckle. While this is not so great an issue at this point of assembly, it will cause
further issues when the vertical cables are being strung. Due to all holes needing to be widened to 5mm to
accommodate a thimble, one of these openings is tested for connection to a turnbuckle, being found to be
sufficient. While the solution to a single problem solved multiple issues, this specific issue is noted so that
it would not be repeated. It should also be stated that in widening to connection hole to accommodate
a thimble/turnbuckle, the material between the connection point and plate perimeter is reduced, leaving
only 2.5mm of material (at the narrowest points). This will likely result in necking of the steel, and
ultimately result in premature failure during testing.
Stringing using the jig continued until the first ‘net’ was assembled, with the net being three assembly
plates connected in series via cables. This net is attached to the three struts, creating the base of the
structure. The base net can be seen in Figure 9.7. What is not indicated in Figure 9.7 is that an additional
nut was added to the strut at both the top and base, to lock the end plate in position. This will ideally
eliminate any accidental twisting, which could result in the cables becoming tangled.
Ideally, a second cable net would be assembled for the top plane (identical to the base plane), though
a further issue was identified in this process. If a second net were created and attached to the top of the
struts, a single connection plate could be connected without issue, however when the second plate of that
net were to be connected, the wires would tangle as the connection plate was twisted. This same issue
would occur with the third connection plate of the net. This issue has occurred due to the welded nut. If
the base nut was not a welded (fixed) connection, rather a resting point for the plate, then the net could
slide onto the struts without the need for screwing. The issues identified in this assembly process are the
reason for the connection plate changes explained previously (Section 9.2) for the Structure 2B design.

Figure 9.7: Cable ‘net’ with connected struts
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To circumvent this issue in Structure 2A, the top net was not assembled using the jig, but rather tensioned and crimped in-situ. Measurements can be taken to attempt consistent lengths, however this could
still result in structural asymmetry (which is to be avoided if possible). Rather than using measurements
to confirm cable lengths, two braces were manufactured to be placed between the struts. The braces can
be seen in Figure 9.8 (left), with their installation shown in Figure 9.8 (right).

Figure 9.8: Braces used for tensioning cables (left) and a brace in use held with a temporary fixing (right)
The braces are installed at both the top and base of the struts, creating a triangular prism. These
braces are held in position using a temporary fixing method (e.g. fishing line as demonstrated in Figure
9.8 (right)), allowing the cables at the top of the structure to be strung to a similar length to those at
the base of the structure. It should also be noted that before the permanent cable is attached, the plates
are turned onto the strut and locked using a secondary nut. Measurements are taken to ensure all strut
lengths are similar, and if different, then the plates may be adjusted until the struts lengths match. Once
this has occurred, the cables are tensioned and permanently crimped, with the braces then being removed.
Finally, with all horizontal cables being attached, and the struts being accurately sized, the vertical cables
are added.
Due to the addition of turnbuckles, there is a lower requirement for accuracy in vertical cable length,
with the only governing factors being that:

1. The distance between the cable termination and opposite end plate may not be greater than 172mm
(fully extended length of a turnbuckle)
2. The distance between the cable termination and opposite end plate may not be less than 116mm (a
turnbuckle is unable to compress a distance less than this)
So long as the cables remain between these two lengths (preferably closer to the 172mm distance) then
the structure may be tensioned to a point of equilibrium. For the purposes of this structure, this would
result in a vertical cable length of approximately 450mm. This measurement is taken from the inside of
the thimble at its apex (on both ends) as this will be the point of contact with the connecting object,
with this object being either the connection plate or the turnbuckle. This point of contact is indicated in
Figure 9.9.
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Figure 9.9: Location from which cable measurements are taken
Finally, tensioning of the turnbuckles is undertaken, giving the structure additional stiffness. It has
been noted from this process that as more tension is placed on these cables, a visible bow becomes apparent
in the struts, indicating that the internal levels of pretension may result in premature buckling of the struts.
To alleviate this, the turnbuckles have been slackened so that equilibrium is obtained, though no further
prestress is introduced. From the results obtained in Chapter 7, this is ideal, as introduced pretension
results in premature failure. The final assembly of the structure is seen in Figure 9.10. It has been seen
that many methods for assembly have been improvised as issues have arisen. Changes in the connection
plate design, as well as the inclusion of turnbuckles in all cable assemblies should simplify this process for
Structure 2B.

Figure 9.10: Structure 2A fully assembled
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Assembly of Structure 2B is undertaken following a similar process as previously explained for Structure
2A. Firstly, a jig is created based on the chosen design, using cable measurements determined previously
(see Section 9.2). Following this, a single 12mm bolthole is drilled, with a 12mm bolt being added, fastening
a connection place into position. Two additional 8mm boltholes are drilled to be used for stringing, such
that the cable measurements from the connections plate tabs to the external diameter of the 8mm bolts
are the desired cable lengths (i.e. 230mm and 180mm). The cables are strung through the corresponding
plate tabs to the respective bolts, and are crimped. Additional measurements are taken for all cables to
ensure that cable lengths are approximately correct. The layout of the jig is seen in Figure 9.11.

Figure 9.11: Stringing jig used for redesigned tensegrity cables
This stringing jig was used for all six of the connection plates required, with three plates having two
cables connected to each, while the other three only required one cable each, resulting in the total of nine
cables. It was important that the vertical cable was connected to its specific tab on the connection plate
as this tab was uniquely shaped for the vertical cable connection, having been bent to a 45◦ angle. It was
also important to be consistent with the horizontal cables, having them strung to the correct tab on each
connection plate. If any cables are strung to the wrong tab, then some positions on the structure (during
assembly) will have two cables, while other positions will be missing a cable altogether. All plates were
installed in the jig with tabs facing upwards (as shown in Figure 9.11), with each stringing point labelled
to ensure the correct length of cable was attached to the corresponding connection point. Any excess cable
(like that shown in Figure 9.11) was trimmed once crimping was completed.
With all cable stringing completed, final assembly can commence. The plates are attached to the end of
each strut in the manner shown in Figure 9.5, with the turnbuckles completing the assembly by connecting
the cables to their respective connection plates. The final assembly is seen in Figure 9.12. The structure
was then disassembled so that strain gauges could be mounted (further discussed in Section 9.4), with the
final assembly then being undertaken.

161

Figure 9.12: Structure 2B fully assembled
With both structures being in their final assembled states, measurements for all members are taken.
All measurements for Structure 1A were taken as indicated in Figure 9.9 (for cable measurements) with
struts being measured from the internal side of the locking nut. These measured results are indicated in
Table 9.1. While it is observable that there is variance in the measurements, these are minimal. It is
seen that the average length (rounded) is 631mm for struts, 584mm for vertical cables, and 193mm for
horizontal cables, with all values being similar to the initial measurements taken for that specific member
type. The greatest variance seen is a discrepancy of 6mm in the vertical cable measurements.
Table 9.1: Initial results measured for Structure 2A
Member Type

Member Number

Connected Nodes

Length (mm)

1

1-2

192

2

2-3

194

3

1-3

191

4

4-5

193

5

5-6

193

6

4-6

195

7

3-4

586

8

1-6

586

9

2-5

580

10

3-5

630

11

1-4

631

12

2-6

631

Horizontal Cables

Vertical Cables

Struts
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Structure 2B has measurements taken in a similar manner, with these lengths being indicated in Table
9.2. The information in this table lists two different lengths, cable length and assembly length. The cable
length is the length the cable was fabricated to (using a jig), while the assembly length specifically refers
to the length of each member (both cable and strut), including the length of all constituent pieces (i.e.
turnbuckles and cables). These lengths are measured in accordance with Figure 9.9. This differentiation
in measurement is only important when examining the accuracy of the assembly.
It can be seen from the results listed in Table 9.2 that there is still a small level of variation with the
cable lengths. These discrepancies are minimal and (most likely) exist due to the method of measurement.
Due to the size of the structure, all measurements were made using a tape measure, and due to the nature
of the cable connections, it was not always possible to see the location where cable measurement should
be taken from. The grey highlights shown in Table 9.2 indicate which members have had strain gauges
mounted. The reason for these specific member selections will be outlined further in Section 9.4.
Table 9.2: Measurements obtained from Structure 2B
Member

Member

Connected

Designed

Assembly

Cable

Type

Number

Nodes

Length

Length

Length

1

1-2

399.6

353

181

2

2-3

399.6

353

181

Horizontal

3

1-3

399.6

353

181

Cable

4

4-5

399.6

353

181

5

5-6

399.6

354

182

6

4-6

399.6

353

181

7

3-4

454.2

403

231

8

1-5

454.2

403

231

9

2-6

454.2

403

231

10

1-6

625

626

N/A

11

2-4

625

627

N/A

12

3-5

625

626

N/A

Vertical
Cable

Strut

What is most interesting to note for the measured values of both Structure 2A and Structure 2B is the
overall variance in measurements (for such a large structure) is similar to the variance in measurements seen
for the smaller structures tested previously. Structures 1A, 1B and 2A all have a variance in measured
results of approximately 4mm, while the variance in measurements for Structure 2B are even smaller
(almost non-existent). This supports the idea that precision is more difficult to obtain in smaller structures
than it is in larger structures. It also shows that while the measured error is the same, when compared to
the overall size of the structure, the total geometrical error is smaller in larger structures.
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Table 9.2 also outlines the specified design length for the structure. This designed (or-node-to-node)
length were the original lengths calculated, with the assembly lengths being the measurements taken for
each member. The location from which these measurements are taken is outlined in Figure 9.13. Utilising
these initial measurements, initial pretension can be determined.

Figure 9.13: Specific locations from which measurements are obtained for Structure 2B
Examining the data presented in Section 7.3.2, the initial pretension appears to hinder the performance
of the structure. This is immediately obvious from examining Structure 2A when small amounts of
pretension are introduced. When the turnbuckles on the vertical cables are tensioned, the struts begin
to bend. Due to the higher strength of the materials, the primary means of failure will not be due to
material yield, but rather strut buckling. This is due to a larger slenderness ratio. As such, pretensioning
should only be conducted to achieve equilibrium and slightly adjust geometry, but should not be excessive.
This restraint reduces the internal forces introduced into the overall system, allowing the struts to resist
a greater compressive load prior to buckling (inevitably) occurring. Initial tensioning is undertaken to
level the structure, with the resulting level of bending of the struts being indicated in Figure 9.14. While
the strut appears to have a slight degree of bending, it is sufficiently straight. It was in this leveled and
pretensioned position where the measurements indicated in Table 9.1 were obtained for Structure 2A.

Figure 9.14: Image taken along the length of a strut to indicate the level of initial bending
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To further confirm this hypothesis, an optimisation is undertaken for Structure 2B. The geometry of the
physical model is entered into the computer model, with an optimisation being completed. The geometry
entered into the computer model is the designed lengths (i.e. node-to-node lengths), not those measured
(as there does exist discrepancy). This is discussed further in Section 9.5.2. The optimal model returned
the initial pretensions to be introduced within the cables as being 90.89N and 15.51N in the vertical and
horizontal cables respectively. The force expected to be withstood by the structure was determined as
being 10.278kN, with the limiting factor being material failure. Comparatively, these pretension values
are negligible, so pretension was also ignored for Structure 2B. With both structures having no pretension,
and the initial measurements being completed, testing can be conducted.

9.4

Testing

Similar to earlier testing, the tensegrity was placed within the Instron between two compressing plates.
The plates used for testing are not perfectly parallel to each other, with the top plate being slightly angled.
Due to this, the top plate would not touch all three top nodes simultaneously. To reduce the effects of
this, Member 7 was further tensioned to reduce the effects of any non-symmetric loading. This was also
accentuated by the cable connections, of which some cable terminations sit above the height of the rollers.
An example of this can be seen in Figure 9.15.
Due to the size of Structure 2A, all nodes sat approximately 8mm from the edge of the compression
plate. Having the nodes so close to the edge is not ideal, though the design of the structure has been
pushed as close to the maximum as possible, as a larger specimen test was desired. Due to the stiffness
of the cable material, it was determined that this spacing should be adequate. While deflection within
the structure was to be expected, it was determined that failure would either occur due to buckling or
connection plate failure, with material failure (resulting in nodes losing contact with compression plates)
being unlikely. With the apparatus prepared, testing can commence.

Figure 9.15: Horizontal wire sitting proud of the roller
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Two distinct testing procedures were performed on Structure 2A. Firstly, a single compressive load was
applied to the structure until failure occurred, with the load-deflection behaviour being recorded via the
Instrons internal load cell. This failure is explained further in Section 9.5.1. The structure was removed
from the tested apparatus, and inspected for potential defects which could inhibit further testing. When no
defects were observed, the structure was placed back inside the Instron, with repeated loading conducted
on the same structure based on the findings from the first load.
This repeat loading was undertaken to confirm the findings of Structure 1B, which indicated that if
the structure remains in an elastic state, then repeated predictable loading is possible without significant
permanent deformation occurring. This behaviour is examined by taking the structure up to 40% of the
load determined from the first test (S2A.1) a total of three times, followed two sets of maximum load/40%
load cycles. The reasoning for this was to examine firstly if repeated loading of a ’structural’ tensegrity
were possible, but also to determine if a maximum load placed on a tensegrity structure would result in
permanent deformation. The results of this loading will be further examined in the Section 9.5.1.
The testing of Structure 2B was conducted differently to Structure 2A. While a compression plate was
also used to apply a load to the structure at a displacement controlled rate of 1mm/min, the recordings
taken were more substantial. To conclusively confirm the validity of the computer model, while also
examining the structural properties of the structure, numerous strain gauges were applied to multiple
members in the assembly process. Previous testing (Structures 1A and 1B) have examined the overall
load-displacement curve, examining how closely it aligns with the predicted behaviour from the computer
model. However, the computer model is capable of providing the forces within each element. As the
computer model is developed assuming a symmetric structure, all horizontal tensile loads are identical, as
are the vertical tensile loads, and the strut loads. However, this single load-deflection behaviour for each
element can be used to verify the internal forces recorded from physical testing.
Strain gauges are mounted on seven elements within the structure. While it would be ideal to have
gauges mounted on all twelve members, the data logger used during testing was only capable of recording
8 samples, with one required for the compressive load cell. To get a holistic understanding of the structure,
these gauges are divided among the horizontal, vertical and struts. As there are six horizontal members
in total, four are placed on these members, with two on the base plane, and two on the top plane.
Strain gauges are placed on two of the three vertical cable members, leaving only one on a single strut.
The assumption was made that the behaviour of the 16mm struts would likely be similar, with little
bending/buckling occurring. As cable failure (or turnbuckle failure) is expected to be the primary means
of failure, it was thought that coverage of more cables would be preferable to increase the likelihood of
recording this failure.
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The strain gauges are attached to both the vertical and horizontal cables in much the same way as was
explained in Chapter 7. A similar process was used for attaching the strain gauge to the strut. However,
due to the homogeneous surface of the strut, cyanoacrylate (superglue) was not required to be applied
initially to fill in any surface inconsistencies, as with the surface of the wire, and was only required to fix
the strain gauge to the surface of the strut. Examples of the fixed strain gauges are shown in Figure 9.16.

Figure 9.16: Strain Gauge attached to the wire rope (Top) and strut (Bottom)
Using strain gauges (in addition to inbuilt load cells) many members of the structure can be individually
measured during testing. Structure 2B is installed within the Instron in much the same way as Structure
2A, with the structure placed on the base load plate, with the top plate lowered down. The acorn nuts
installed on the end of the struts are threaded to level the structure with the load plate above, though
even with this adjustment, the structure is not perfectly level when testing is initiated. Though the nut
was extended, any further extension could have resulted in there being insufficient contact between the
strut and the nut, resulting in an introduced point of weakness. The gap between the nut and the plate
is shown in Figure 9.17, however the angle of the image does not accurately indicate the distance. It is
estimated that the distance is approximately 1mm. Though the structure is not perfectly level, this small
imperfection is considered acceptable. The cables may have been used to adjust the height, though this
would have resulted in additional pretension, while also requiring the structure to be remeasured.

Figure 9.17: Distance between the apex rounded nut and the compression plate
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Two 10mm plates are fabricated specifically for the experiment, which are much larger than those
used in previous experimentation. The top plate measures 500mmx500mm square, and weighs 36.15kg.
A connection point has been welded on, as this plate is mounted in the top of the apparatus. The mass
of the plate is important, as any readings measured from the load cell initially will be due to the plate
tensioning the load cell. This mass will be taken into consideration during the analysis phase. The base
plate is slightly larger (600mmx600mm) and is able to freely rotate, reducing the amount of potential
friction that could occur between the structure and the plate during compression (due to the structures
natural behaviour to rotate when compressed). An image of the final tensegrity structure (within the
compression apparatus) is shown in Figure 9.18.

Figure 9.18: Structure 2B undergoing compressive loading
The structure is approximately centered within the compression apparatus such that sufficient material
exists between the apexes and the edge of the compression plates (meaning that the nodes should not lose
contact with the compression plates). Deformation of the connection plates and compression plates is
possible, in which case loss of contact between the nodes and compression plate would be possible. As
such, centering of the structure is important to minimise the likelihood of this occurrence.
With model adjustments complete, testing may commence. The structure is tested twice, with the first
compression being taken to 40% of the peak load. In this instance, peak load is taken from the simulated
results to be 10.278kN, so a 40% load case would approximate to 4kN. It is assumed that there will exist
small amounts of permanent deformation due to bedding down of cables (with this concept being further
explained in Section 9.5). Otherwise, this 4kN load is not expected to cause any additional deformations
in initial geometry. Once a 4kN load has been achieved, the structure is unloaded, with the second load
being applied. The second load is increased until ultimate failure occurs.
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9.5

Results and Analysis

As mentioned previously in Chapter 8, Structures 2A and 2B could be analysed side by side in much the
same way as has been completed for the design, assembly and testing sections (Sections 9.2, 9.3, and 9.4.
However, to avoid confusion, it has been decided to analyse the results of testing for both Structures 2A
and 2B separately. Once the results have been analysed, a comparison between the two will be undertaken.

9.5.1

Structure 2A

The results of the initial load conducted on Structure 2A can be seen in Figure 9.19, with the point of
locking highlighted, a behaviour not anticipated for this test. Locking was not anticipated due to the
stiffness of the cable material, though the cables have little to do with the reason for locking occurring.
Instead, the occurrence is due to the deflection witnessed within the struts. Bending (and subsequent
buckling) occurred, resulting in the structure deflecting downward, with the buckled struts coming into
contact. This did not occur spontaneously, but rather gradually, in much the same manner in which
bending occurred within the strut experiment in Chapter 7 (see Section 7.2.4). It can be argued that
gradual deflection witnessed within the structure, while not ideal, is more beneficial as an indication of
structural failure rather than spontaneous, catastrophic failure.

Figure 9.19: Results of loading and unloading on Structure 2A
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These initial results indicate a large deflection for lower loads. This is likely due to an inherent property
of the wire rope known as ‘bedding down’. This process requires the ropes to be “broken in” (Nobels,
2020), where individual wire strands (when under tension) may slip before reaching equilibrium. With this
phenomenon occurring all throughout the wire in all nine cables within the structure, this is likely a cause
for the structure (initially) bearing little load. Other potential reasons for this occurring could be due to
small amounts of slippage in the cables at the connection points (i.e. between the cables and thimbles)
or slippage between the cables and turnbuckles. A combination of these factors is likely the cause for this
initial lack of load bearing.
The region between 2mm and 9.5mm of deflection appears to linearly increase, with the 2-4mm region
being a period of transition, with the structure still settling. Locking appears to occur at 9.5mm of
deflection, with there being a distinct increase in gradient. This is highlighted in Figure 9.19. The noise
associated with this region is likely due to the bar threads sliding/catching one another during locking.
The final region is post-locking. The structure (during this phase) continues to resist load in a locked
state. Locking creates a point of contact between the struts, increasing the structures capability to resist
load, explaining the increase in load-displacement gradient. As Structure 2A is still being compressed, the
struts continue to experience increased compressive load, resulting in larger degrees of buckling. This eventually leads to the struts sliding along each other, though this is made difficult due to the thread wanting
to catch. When large amounts of bending is witnessed in the struts, and the struts begin sliding/catching
frequently, the test is halted, with the structure being considered as failed.
It is immediately seen that during unloading, the same load-deflection curve is seen with an apparent
offset. At approximately 4mm of deflection, the structure is no longer resisting any load. This could be
due to a number of reasons, including:
• The wire has bedded down resulting in a permanent increase in cable length
• Plastic deformation in the cables
• Plate connections having elongated or plastically deformed
• Plastic deformation has further warped the struts
All these scenarios would ultimately lead to the structure no longer being capable of returning to its
starting geometry, resulting in the unload diagram shown in Figure 9.19. Upon inspection (post-test),
the structure appears stiff and capable of bearing further load, meaning that the structure is capable of
bearing additional load. As such, Structure 2A is now repeatedly loaded/unloaded to determine if the
structure is capable of resisting repeated loading with little deformation occurring (when the structure
is taken to 40% load capacity), and to what extent maximum loading has on the load capacity of the
structure.
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Figure 9.19 indicates that the maximum load was approximately 8.12kN, so taking this as the (initial)
maximum load, a 40% load would be approximately 3.25kN. Assuming the previous test (S2A.1) was the
first test conducted, Table 9.3 outlines the further testing procedure for Structure 2A.
Table 9.3: Repeated loading scheme for Structure 2A
Test Number

Test Designation

Load Limit

1

S2A.1

Maximum (Peak) Load

2

S2A.2

40% Load (3.25kN)

3

S2A.3

40% Load (3.25kN)

4

S2A.4

40% Load (3.25kN)

5

S2A.5

Maximum (Peak) Load

6

S2A.6

40% Load (3.25kN)

7

S2A.7

Maximum (Peak) Load

8

S2A.8

Maximum (Peak) Load

If all load-deflection curves are shown side by side, it is difficult to determine any relevant information,
so only certain loads will compared. Figure 9.20 indicates the first four loads applied to Structure 2A,
including the previous load (S2A.1). The first load has been taken to peak loading (i.e. to a plateau),
before being unloaded. This should (realistically) result in plastic deformation to the structure, with
following results performing at a lower capacity (i.e. larger displacement for comparative load). However,
this does not appear to be true, with the following three loads (S2A.2, S2A.3 and S2A.4) all having a
lesser displacement for equivalent loading.
There may exist discrepancy in these results, due to the structure being removed from the testing
apparatus and inspected following the first test. The repositioning of this structure likely has impact on
the experiment, though this may not be the only factor affecting these results. Figure 9.19 shows that
unloading returns the structure to a point of zero load at 4mm of vertical displacement, with the reasoning
for this due to the bedding down of the cables. This bedding is likely a factor affecting the discrepancy
witnessed in Figure 9.20.
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Figure 9.20: Comparison of the first four loads applied to Structure 2A
Figure 9.20 also shows the consistency achieved in repeated loading for three loads taken up to 40%
peak loading, especially between loads S2A.3 and S2A.4, with their results being almost identical. It is also
observable that locking occurred at a very similar point across all thee loading scenarios. This indicates
that if a tensegrity is loaded below its peak capacity (i.e. up to 40% of peak load), then the structure is
capable of resisting similar loading numerous times.
Figure 9.21 compares three loads, S2A.4, S2A.5 and S2A.6. The comparison of these results is important, as the effects of peak loading are highlighted. The fourth load (S2A.4), which was previously
seen in the Figure 9.20, is remarkably similar to other 40% loads applied to Structure 2A. This is followed
by a peak load (S2A.5), with another 40% load following this. This load combination was undertaken to
investigate if peak loading has an impact on the structure’s future load resisting capability. It is obvious
that after the peak load is applied (and unloaded), the subsequent 40% load-deflection behaviour (S2A.6)
differs from the previous result (S2A.4). This is further confirmed when all 40% loads are compared
(Figure 9.22, indicating that peak loading introduces plastic deflection into the structure, reducing future
loading potential of the structure.
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Figure 9.21: Examining effects of peak loading on future loads for Structure 2A
Finally, loads 7 and 8 are applied (S2A.7 and S2A.8), with both these loads being peak loads. These
two loads are compared against previous peak loads (S2A.1 and S2A.5) in Figure 9.23, with the loads
definitively showing a steadily declining behaviour, due to the plastic deformation introduced. It is difficult
to determine the exact reason for this plastic deformation. While it was seen that elongation had occurred
in the horizontal cables, it was also clear that there was deformation in the connection plates. The thin
tabs as well as the lack of material between the connection points and plate perimeter (due to plate
modifications) had begun to elongate, which likely increased this effect. Due to these weaknesses, the
plate design for Structure 2B was improved, as specified in Section 9.2.
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Figure 9.22: Comparison of all 40% loads applied to Structure 2A

Figure 9.23: Comparison of all 40% loads applied to Structure 2A

174

Having examined the effects of repeated loading on the structure, the computer model was used to
determine if the behaviour predicted was similar to the actual behaviour exhibited in the physical structure.
Due to some small adjustments made using turnbuckles in an attempt to level the height, unknown
initial forces may have been introduced within the members. To accommodate this, two simulations were
conducted. One of these simulations assumed no pretensioning within the structure, with the second
simulation assuming that the horizontal cables had been shortened by 3mm, introducing a small level of
initial pretension. These two distinct models were simulated and compared against the first experimental
test, S2A.1, with these results being shown in Figure 9.24.
What is immediately noticeable is the offset between the different results, with all of the computer
simulations showing a lesser deflection. Though this large disparity in results exists, the computer model
appears to have correctly predicted the general shape of the results. All results (both experimental and
simulated) are concave up, as opposed to previously observed results (as seen in Chapters 5 and 6) having
all results concave down. In this regard, the model is able to accurately predict the overall shape of the
results. However, the numerical results differ greatly.

Figure 9.24: Comparison of experimental and computer modelled results
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As stated in Chapter 7, the material properties for the steel wire have been somewhat estimated due
to a lack of sample size. For this reason, different computer models were simulated using differing Young’s
Modulus values. It is seen that these differences have limited effect on the overall structure. While it is
important that these tests were conducted, it is now seen that the overall accuracy of these materials was
not required, and any small variations in material properties may be considered negligible. As seen in
Figure 9.24, these initial levels of pretension appear to have small impact on the overall displacement, but
otherwise little difference is observable.
When comparing the simulated and experimental results, it is evident that locking (which has occurred
in the experimental model) is not apparent in the simulated model. This is due to the computer models
inability to simulate the bending/buckling behaviour of the strut, imposing restrictions on accurately
simulating deflection. This behaviour (which cannot be accounted for in the computer model) is likely the
reason for the large disparity between the simulated and experimental findings.
Using the information obtained regarding strut buckling (see Section7.2.4), the bending/buckling behaviour determined through experimentation is superimposed onto the tensegrity structure. The deflection
witnessed in the strut is recorded as a series of equations (Equation 7.3), which may be used to accentuate
the structures deflection depending on the load applied. However, the deflection in the strut is local to the
member being examined, meaning that a conversion is required to determine how local axial displacement
will affect overall height. A relationship was determined by Burkhardt (2008), which may be used to relate
these effects (see Equation 9.1). This process has been simplified considerably in this explanation, though
a more detailed explanation can be found in Appendix E.

∆h =

q

L2S − 2r2 (1 − cosθ)

(9.1)

Using this method of superposition between the simulated load-displacement behaviour (Figure 9.24)
and the strut load-displacement behaviour (Figure 7.15), a hybridised simulation is obtained, as shown
in Figure 9.25. While not perfect, the inclusion of buckling into the simulation results in a more reliable
prediction than just the simulations alone. This supports the sentiment stated earlier, where it was stated
that ”the simulation is only capable of solving for the parameters provided” (Chapter 4). This is obvious
in this situation, where the model was incapable of predicting bending/buckling, and so the model can be
reliable to a certain extent.
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Figure 9.25: Comparison of results incorporating strut bending/buckling behaviour
While understanding this behaviour is beneficial, and incorporating bending/buckling behaviour has
been shown to improve accuracy, it would be ideal if incorporating additional behaviours was not required.
If bending/buckling could be eliminated as a failure mechanism, then the results of the experiment would
more closely align to the results of the simulation without the need for additional complexity in the
simulated model. This reasoning resulted in a change in design for Structure 2B, which was the sizing
up of members (outlined in Section 9.2). The original design was going to use M12 threaded bar (as
was used in Structure 2A), though the resulting bending/buckling provoked a change in design, leading
to the 16mm diameter rods seen in the design. However, the advantage that threaded bar provided for
connections lead to the strut ends being reshaped to M12 threads. This lead to the best possible design
outcome for structure 2B.

9.5.2

Structure 2B

Like structure 2A, Structure 2B is also repeatedly tested (as was outlined previously in Section 9.4). The
structure is loaded twice with the first load (S2B.1) being taken to 40% of the anticipated maximum
load (10.278kN). The structure is then unloaded, before being loaded again until failure occurs. It has
already been established that tensegrities can be repeatedly loaded without significant effect. However, the
previous test (Structure 2A) was first loaded to a point of plastic failure, with the model being removed
from the testing apparatus. The repeat loading conducted with Structure 2B will first be to a 40% load
and will not be removed from the apparatus. This will indicate the extent to which bedding down will
affect the the initial geometry by comparing both load results.
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The results of the overall load-deflection curves for Structure 2B are shown in Figure 9.26. Comparing
the two load-deflection curves, it can be seen that the second test (S2B.2) resulted in a smaller vertical
displacement for an equivalent load applied during the first test (S2A.1). This same behaviour was witnessed in Structure 2A. It is expected that the initial ’bedding down’ of the wires would slightly elongate
the initial geometry, resulting in additional displacement during subsequent testing, but not a reduction
in displacement. It is unknown why the structure was more stiff after being initially loaded, though the
similarity in results does confirm that tensegrities are capable of resisting repeat loading without significant
deformation occurring (when taken up to 40% of maximum load).

Figure 9.26: Load vs. Time data for Structure 2B under repeated load conditions
These results also indicate that the structure has a larger ultimate load than was predicted, with the
ultimate load reaching 14.415kN, 40.25% greater than what the model anticipated. However, this value is
also the ultimate load which the structure is able to bear, and may have failed (from imposed boundary
conditions) prior to this point. It is also clear that the results are more ’noisy’ for the second test. These
drops in load shown in the load-deflection curve were due to friction which occurred throughout testing.
While acorn nuts were used on the ends of every strut, and the base compression plate was able to rotate
freely, this was not sufficient to eliminate friction.
It was discovered during testing that the structure would compress as expected, though would suddenly
lurch with an audible pinging sound. The result for this is due to friction occurring at the nodes of the
structure. The compressive load (when transferred into the struts) resulted in frictional forces occurring
parallel to the compression plate. The forces would initially hold the structure in position, while exerting
larger forces on the struts which were not being transferred to the cables. Eventually, the internal forces
experienced would overcome the frictional effects, resulting in the structure shifting, with the loud pinging
sound being the cables ’catching’ the structure. If this experiment were to be repeated, the compression
plate should be polished and lubricated to further minimise the effects of friction.
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As previously stated, the structure reached an ultimate load of 14.415kN before failure occurred. It
was anticipated that structural collapse would occur due to material failure, primarily in the cables,
turnbuckles or connection plates, though this was not how the structure failed. The method of failure,
while not anticipated, in hindsight should have been investigated. The mechanism responsible for failure
was shear. Shear failure was not considered due to the structure being pin jointed (i.e. all forces transferred
axially). While this is technically true, the assumption for this is that the nodes of the structure are also
the point at which connection occurs, however the strut overhung this point resulting in considerable shear
being placed on the strut on the shoulder where the connection plate was located. The fabrication of the
strut also resulted in a perpendicular angle at the point of transition between the 16mm cross section and
12mm thread, creating a stress concentration. In addition, the forces at this point were likely amplified
due to the tensile forces applied to the connection plate, pulling it perpendicular to the strut. This point
of failure can be seen in Figure 9.27. This is an important factor to note, especially if future tensegrities
are to be designed which incorporate this additional strut length, or utilise connection plates.
The method of failure was likely due to a number of mechanisms acting simultaneously on a location
of stress concentration. The transition between the 16mm and 12mm section of bar creates a stress
concentration, meaning the surrounding region of this concentration will be required to withstand a focused
degree of force. An additional oversight was the connection plate itself. While the tensegrity is considered
a ’pin-jointed’ structure, the assembly does not completely align with this philosophy, with the connection
plate being ’pulled’ in multiple directions due to the various forces on the tensioned cables. As larger
compressive loads are applied to the tensegrity, a greater tensile load is applied to the connection plate
from the horizontal cables, which is being ’pulled’ toward the structure’s horizontal centroid, creating a
shear force acting on the 12mm section of bar. The final oversight is the 12mm sections themselves. The
connections of the tensegrity occur at the transition between the 16mm and 12mm sections, however as
the structure is loaded, the 12mm sections still experience load in the form of bending. As a greater
compressive load is applied, the bending continues to increase. The combination of stress concentration,
shear and bending are the primary cause for failure occurring at the connection point of the bar.

Figure 9.27: Point of failure due to combined bending and shear
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Though this mode of failure occurred, it appears (from further investigation) that other modes of
failure were also close to occurring. Figure 9.28 shows two instances of turnbuckles having undergone
plastic deformation in the connecting hook, indicating that the forces exerted were nearing the load limit
of the turnbuckle. It is worth reiterating that previous testing found that failure in the turnbuckles
occurred at approximately 400kg (3.924kN), though they are only rated to resist up to 25% of that load
(RWB Marine, 2020). This indicates that if the strut had not undergone shear failure, the turnbuckle may
have failed soon after.

Figure 9.28: Comparison of non-deformed (top) and deformed turnbuckle after tensionally loaded
The two turnbuckles shown in Figure 9.28 were both connected in the same plane (top horizontal
plane) and should have been experiencing similar forces. It can be argued that as the lower turnbuckle
began to plastically yield, it grew weaker which resulted in a larger prevalence of yielding. However, the
argument may also be made that as the structure was not perfectly symmetric, the lower turnbuckle was
resisting a higher amount of load. Unfortunately, the cable assembly with the failed turnbuckle was one
of two which did not have a strain gauge attached. However, one other assembly (from the bottom plane)
had a turnbuckle which underwent a similar degree of yielding and did have a strain gauge attached. This
will soon be examined further.
It was also noticed post-testing that the connection plates had deformed (as was also witnessed in
Structure 2A). A comparison between an unloaded and loaded connection plate is seen in Figure 9.29. It
is noticed that prior to testing, the plate was flat with bent tabs. However, after being loaded, a slight
bulge is present in the center of the plate. This is caused by the connection itself, where the center of
the plate sits on the shoulder of the strut. As the structure is compressed, the cables (under tension) will
pull on the connection plate, deforming it around the central location. This has also resulted in further
distortion of the tabs, focused primarily on the points of weakness (i.e. the crease along which the tabs
were folded).
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Figure 9.29: Top and bottom views for both a loaded and unloaded connection plate
Though the distortion and additional bending is seen in the connection plates, there does not appear to
be any weakening like that shown in the previous plate design. A small fold is seen where the turnbuckle
was attached, though there appears to be no discernible indication of material failure (e.g. elongation or
necking). It is therefore assumed that the deflection of the plates has had a direct impact on the level of
deflection experienced by the structure, but is in no immediate danger of imminent failure.
An additional unexpected occurrence observed throughout testing is the bending of the struts. Though
the degree of bending was not as significant as previously witnessed, it is evident. Though bending was
not witnessed during testing, it is evident when reviewing recordings taken during experimentation. This
bending is (in part) likely due to the friction experienced between the nodes and the plate. If friction was
holding the structure in position, then the struts would likely have been the only member resisting load,
with force not uniformly transferring to the cables. Video footage strongly supports this claim, as when
the sound is heard in the footage, a node significantly shifts, and the strut straightens.
Using the designed geometry for the structure (Table 9.2), the model is simulated with the results shown
in Figure 9.30. The data shown in Figure 9.30 has been adjusted to account for the top compression plate,
which has an overall mass of 35.15Kg (345N). This is measured as an initial tensile load by the Instron,
resulting in an incorrect measured load. All results are adjusted by 345N to account for this.
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Figure 9.30: Comparison of experimental and simulated results for Structure 2B
The results of both the experimental structure and the computer simulation are (initially) similar. This
indicates that the model is capable of predicting the resulting behaviour of the structure to a high degree of
accuracy. This result is seen to differentiate at approximately 14mm of deflection, where the experimental
structure begins to deflect to a larger extent than was predicted. This differentiation is likely due to
the elongation of the turnbuckles and the deflection of the connection plates. These factors (which have
not been accounted for in the simulation) will result in additional vertical displacement. If these factors
could be eliminated from future models, then the load deflection curve for the designed structure would
be expected to follow the predicted curve more closely. The result indicated in Figure 9.30 conclusively
indicates that the computer model can be considered accurate, with the internal loads of the structure
also being reliable. With this in mind, the strain gauge readings require analysis, with results able to be
reliably compared against the simulated behaviour.
Due to the many strain gauge measurements taken during testing (i.e. seven different strain readings), these results are separated into four distinct sections for individual analysis. Each group of similar
measurements (i.e. horizontal cables, vertical cables and struts) are analysed so that results are easily
comparable amongst the members existing within their respective group. Following this analysis, a summary of results is undertaken to examine the results acting as a system. However, before these analyses
are undertaken, the geometry of each member must be adjusted to ensure precision in readings.
Chapter 7 has indicated that strain gauges applied to cables can return accurate readings. However,
the strain measured by each gauge is only applicable to the straight length of cable (i.e. not including
the crimps and end terminations). The ends of each cable are subtracted from the initial lengths listed
in Table 9.2, leaving only the straight length of cable. These resultant lengths are indicated in Table 9.4,
and are used to determine the tensile force existing in each cable.
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Table 9.4: Cable and crimped end lengths
Member

Total Cable

Straight Cable

Number

Length

Length

1

181

80

3

181

79.5

4

181

83

5

182

82

7

231

131

8

231

131

Horizontal Cables
Knowing the readings are measured in micro-strain (µϵ) and the initial cable length is known, the forces
experienced within the elements can now be calculated. Firstly, the horizontal cable readings shall be
examined. As the cross sectional area and Young’s Modulus of the cable are both known, the strain can
be used to determine the load in each cable. These loads are shown in Figure 9.31. These results have
been separated so that all data represented by a solid line indicates cables in the bottom (or base) plane,
while the dashed lines represent cables in the top plane.

Figure 9.31: Measured forces in horizontal cables
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What should be seen are results that are somewhat similar as the structure is symmetric. However,
this is not apparent from the given results. It appears that the cables (and their corresponding results)
in the top plane are similar, behaving in a manner that is expected, while the members in the base plane
diverge substantially from one another, with Member 3 experiencing a maximum load (approximately)
4.5 times greater than Member 1. The assumption is made that the strain gauge attached to Member
3 is likely defective, due to the other gauges obtaining results similar to one another. However, further
investigation is required before this is conclusively decided. Due to the effort that was employed in ensuring
the structure is (mostly) symmetric (supported by initial measurements taken in Table 9.2), it is believed
that such a large divergence is unlikely without other indicators of asymmetric loading.
The two turnbuckles shown in Figure 9.28 were connected in the same plane, with the top (nondeformed) turnbuckle being part of the Member 5 assembly, and the bottom (deformed) turnbuckle being
part of the Member 6 assembly. This is interesting, as both Members 5 and 6 have likely experienced
similar load, though one resulted in a large deformation in the turnbuckle. It should also be said that
Member 4 experienced a similar load, with no (apparent) deformation to the turnbuckle. A similar
finding has occurred in the bottom plane, with the turnbuckle connected in series with Member 3 also
having experienced significant deformation (similar to that seen in Figure 9.28). However, the other two
turnbuckles in this plane (connected to Members 1 and 2) have experienced no observable deformation.
After re-examining the experimental data (see Section 7.2.3), it was found that the ultimate load
capacity of the turnbuckle is approximately 4kN. If it were assumed that the gauge attached to Member
3 was operating correctly, then the load experienced within the assembly is twice the value which the
turnbuckle can withstand, and yet did not fail. Comparing the turnbuckle from Member 3 against the
previously tested turnbuckle shows the difference in deformation (see Figure 9.32).

Figure 9.32: Comparison between deformed turnbuckle used in tensegrity (left) and tensile test (right)
It appears that the turnbuckle used in the tensile test has deformed to a slightly higher extent than
the turnbuckle used within the tensegrity structure, meaning that the load experienced within Member
3 (according to the turnbuckle deflection) should be less than 4kN. This value aligns with the results
recorded in Members 1, 4 and 5 (from Figure 9.31), indicating that the strain gauge attached to Member
3 is very likely defective. As such, this result is removed from further analysis.
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Due to the similarity of loads recorded within Members 1, 4 and 5, these values are assumed accurate.
A comparison may now be made between the measured readings for these members and the simulated
results. However, it is not possible to directly compare the results of the simulation with the recorded
results, due to the time scale used for each test differing to one another. Therefore, a different method of
comparison is required where time is irrelevant. This is achieved in Figure 9.33, where time is removed as
a variable.

Figure 9.33: Overall compressive load vs. measured cable load
It can be seen in Figure 9.33 that the majority of measured forces within the horizontal cables are
less than the anticipated result. This indicates that the cables are under-performing. This likely means
that the structure is resisting loading in other manners rather than the assumed axial loading. A likely
example of this is the connection plates. As the overall compressive load is applied (and subsequently
resisted by the cables and struts), the tension in the cables is deforming the shape of the connection plate.
The yielding of the plate is ultimately responsible for the cable not reaching its load capacity.
Though it has not been discussed yet, the compression plates used for testing could also be responsible
for any recorded reduction in load. The compression plates are 10mm thick, with a fixing point welded
onto the top, having a 41mm diameter shaft used for fixing the plate into the top grip of the Instron.
The base plate (also 10mm thick) sits on a round ram (approximately 300mm in diameter), which is used
to compress the structure. Though the plate is thick, the video used to record experimentation indicates
that the plate has deflected during testing. The extent of this flexure was not measured, though it can
be assumed that this is an additional means by which the structure has resisted loading in a means other
than axially.
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The data from Figure 9.33 indicates Members 1, 4 and 5 having reached a peak load, with the load in the
cables repeatedly increasing and decreasing at the end of their respective curves. This behaviour indicates
that a point of maximum load has been reached. This repeated behaviour may be due to deformation
occurring in the connection plate, but is more likely due to slippage occurring between the nuts and the
compression plate. The assumption can be made that both of these behaviours impact the results, though
it is difficult to determine which of these is more significant.
Vertical Cables
Examining the vertical cables, it is seen that there is less variance measured in these results. Two of
three vertical cables had a strain gauge mounted, so like the horizontal cables, there is not a cohesive
overview about the complete behaviour of these elements. The loads that were recorded are shown in
Figure 9.34, where it can be seen that like the previous results (Figure 9.31), the experienced loads are
quite similar. The grouping of these results indicates that the load experienced in the vertical cables is
symmetric which is expected. The results appear to be very similar for time-steps 0 to 1100, and begin
to diverge beyond this point. This may be a result of plastic deformations occurring within elements
of the structure (turnbuckles, strut ends, connection plates etc.). Though this divergence is apparent,
the conclusion is made that the vertical cables behaved as anticipated and resisted loads in a symmetric
manner.

Figure 9.34: Measured load in vertical cables compared with simulated vertical cable load
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Comparing the measured results against the simulated results (shown in Figure 9.35), the measured
tensile load appears to be less than what was predicted by the computer model; similar to what was
found with the horizontal cables. This also indicates that the structure is resisting these loads through
alternate means (e.g. strut shear, buckling, compressive plate and connection plate deformation). Though
the structure may be resisting internal loads by alternate means, it is still important to know that the
internal vertical cables are still resisting load evenly.

Figure 9.35: Recorded vertical cable load vs. overall compressive load
The data presented in Figure 9.35 (like that shown in Figure 9.33) appears to indicate that the cables
have reached a peak load, with the load repeatedly increasing and decreasing until failure occurs. This
behaviour is expected as it has been seen in the horizontal cables, with the likely explanation for its
cause being the slippage of the nodes on the compression plate, yielding of the connection plates, or a
combination of these factors.
Struts
The final strain gauge examined is connected to a strut. Though no bending/buckling was expected, the
footage recorded during experimentation reveals that bending occurred on all struts. The level to which
this bending occurred is unknown, though it appears that each strut bent slightly before slippage occurred.
The results recorded by the strain gauge are shown in Figure 9.36. Initially, the strut behaves exactly
as predicted with the comparison between the actual and simulated loads closely aligning. However, at
and approximate compressive load of 6kN the results begin to diverge as the readings from the strut begin
to decline. It is believed that the reason for this occurrence is due to the direction of bending.
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After reviewing the experimental footage, the strain gauge appears to be on the outside of the bend,
meaning that it is experiencing tension. While the strain gauge is accurately recording the compression
within the strut, the tension recorded due to bending is causing the recorded load to reduce (indicated by
the dashed trend line). Based on the initial results recorded (prior to initial bending), it is believed that
the simulated result is correct.

Figure 9.36: Recorded load experienced within the loaded strut

Unlike the previous recordings (horizontal and vertical cables), the recorded load in the strut (initially)
closely aligns with the simulated result. This is likely due to there being few ulterior means of resisting
compressive load. While the compressive plate and connection plate deflections have resulted in an alternate means for load pathing (i.e. resisting tension), the only other significant means open to the structure
to resist the applied compressive load is through shear at the strut ends. While shear is definitely evident,
the experimental footage supports bending as the primary reason for the varied result in axial load.
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9.5.3

Summary of Results

Repeated loading on the structure appears to be capable without large discrepancies in results. Both loads
applied to Structure 2B appeared to have parity, with only a slight variation existing. Only a single repeat
load had been applied during this experiment, though it is believed that subsequent tests would have seen
results that became more consistant, as was seen in Structure 2A.
Both the horizontal and vertical cables have been seen to withstand lower loads than what was expected
due to loads being resisted via other means. The strain gauges indicate that the cables had not yet reached
a load which would result in failure (4kN), even though it was anticipated. It is clear that additional factors
(i.e. strut bending, connection plate deflection) result in considerable variations to the overall capabilities
of the model. This ultimately results in the structure failing at 14.415kN rather than the anticipated
10.278kN. The compressive load experienced by the struts behaved (initially) as expected, with divergence
occurring due to bending. This was not a factor that was anticipated for this test, with the aim being to
eliminate it completely.
In general, the structure behaved as expected, with some aspects behaving more precisely than others.
The overall load-deflection behaviour was precise up to 14mm of vertical displacement, at which point
it is believed that turnbuckles and connection plates began to deform. The cables resisted a lower load
than was anticipated, though this is preferential to the cables exceeding anticipated loads. Similarly,
the struts performed as expected, especially when initially loaded. This indicates that the model is
capable of predicting the behaviour of a tensegrity structure, especially for lower levels of loading (e.g.
serviceability). Non-axial means of resisting loading are likely the reason for a disparity between simulated
and experimental results. If these alternate means of load resistance could be eliminated, then a stronger
correlation will likely be seen in the behaviour between actual and predicted results.
Excluding these complexities, the design and assembly processes appeared to be successful. The inclusion of turnbuckles proved to be a simple solution to eliminate inaccuracies in cable lengths at the expense
of reducing load capacity. Other means of assembly could be explored to improve the accuracy of assembly
and further reduce variation in cable lengths. However, the control offered over the structure through the
implementation of turnbuckles is more preferable.
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9.6

Concluding remarks

It is evident from both assemblies (Structures 2A and 2B) that the design methodology utilized is capable
of calculating the requirements of all members for a specified geometry. Though variation exists, this
discrepancy is very small, which indicates a high level of accuracy between design and assembly. Any
variation which exists can also be effectively eliminated through the addition of turnbuckles, while also
establishing a large degree of control over the geometry and initial pretension. Overall, the design methodology is considered accurate, and provides a valid means of creating a physical structure which meets the
specified design criteria.
It is evident that the computer model is capable of predicting close to the expected outcome for a
realistic tensegrity structure for both the overall behaviour and individual member behaviour. This is
particularly evident when examining the load-deflection behaviour of Structure 2B (Figure 9.30), with
experimental results being almost indistinguishable from the simulated behaviour. However, additional
factors (i.e. strut bending, connection plate deflection, turnbuckle elongation) which are not initially
predicted result in inconsistencies between experimental and simulated results. Some of these behaviours
may be accounted for, as is seen with the bending/buckling behaviour of the strut for Structure 2A, though
these factors introduce further complexity within the computer model.
In general, the internal forces of a tensegrity behave in a predictable manner when the structure
experiences a compressive load. Though a tensegrity should primarily resist loads in an axial manner, the
specific means of assembly result in this statement not necessarily being true. Incorrect assumptions about
the stiffness of struts and deformation of the connective plates result in a disparity between predicted and
actual results. Elimination of these variables is ideal, however this may not always be possible (as shown
in Structure 2B, where bending was not fully eliminated). Predicted behaviour is therefore more reliable
when these variations are accounted for.
Both experiments have shown that tensegrities are capable of resisting repeat loading without any
major detriment to the capabilities of the structure. This is seen in both geometries when the compressive
load is taken to 40% of the expected maximum. It is assumed that the structure is capable of resisting
similar loads multiple times, however the limitations of this assumption are unknown. Overall, it would
appear that the behaviours of loaded tensegrities can be predicted. Analytical solutions, though simple
and neat, do not account for the numerous failure criteria which exist, and rely primarily on idealized
assumptions. More complex modeling is capable of yielding more reliable results when all factors are
accounted for.
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Chapter 10

Conclusions and recommendations
This chapter examines all of the key findings from previous chapters, with the aim of relating these
findings back towards the primary research questions and objectives driving this thesis. A summary of
work completed is given, relating to specific research gaps previously identified and to the original research
objectives. Once the work is summarised, final conclusions are made, followed by recommendations as to
how this research may be used or how it may be further developed in the future. Finally, an evaluation of
work is conducted to determine whether the research aim has been achieved.

10.1

Summary of work

For this project, the key aim was to investigate the structural performance of tensegrity structures, specifically relating to their ability to resist compressive loads. Due to the difficulty in quantifying ‘structural
performance’ this aim was broken down into four key objectives, with several research questions being
identified in Chapter 2. Through examining the answers to these research questions and their relation
to the research objectives, the general structural performance of tensegrities may be examined. These
questions are as follows:
• How does tensegrity geometry (both aspect ratio and scale) affect the response when loading, and
can this geometry be manipulated?
• How does loading affect a tensegrity geometry, and to what extent does pretensioning combat this?
• What is the load capacity of tensegrity structures, and do different design parameters affect this
value?
• Can tensegrity structures be designed to withstand specified loads or remain bounded by specified
deflection parameters?
• Is computer modelling a better method of predicting tensegrity behaviour than existing approaches?
• In what ways can computer modelling assist with the design and analysis of tensegrity structures?
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Examining the response to these questions will assist in determining how well a tensegrity can perform
as a load bearing structure. Different parameters can directly affect one another, so it is seen that crossover
exists within the responses to these questions.
How does tensegrity geometry (both aspect ratio and scale) affect the response when loading,
and can this geometry be manipulated?
The results of Chapters 6-9 show that the geometry of a tensegrity greatly affects the structures ability to
bear a compressive load. However, geometry alone is not the only factor affecting a tensegrities ability to
bear load, rather it is a combination of geometry, pretension and material properties. There is no single
factor that always has a greatest impact, with different factors having greater (or lesser) impact depending
on the composition of the tensegrity being analysed. An example of this is when flexible material is used
for tensegrity cables. In this situation, pretensioning has a greater impact, as evidenced by Figure 6.3,
where differing pretensioning has a large impact in the structures capability to bear load.
Further testing has shown that altering the aspect ratio affects the capabilities of the structure, with
differing maximum loads obtained depending on material properties. A linear increase in load bearing
is seen as aspect ratio increases when steel wire rope is used for tensegrity cabling. A maximum load
(approximately 17.5kN) is obtained at an aspect ratio of AR2.3 for the geometry and materials specified
in Section 7.3.2. However, this same linearity is not witnessed in the more flexible Black Magic Leader,
where a maximum load of approximately 3kN is obtained. While the same degree of loading cannot be
obtained, the more flexible material achieves an optimal range, rather than a single optimal value.
The reason for this difference is material behaviour. More flexible materials allow for larger deformation in the structure, resulting in the limiting ’failure’ criteria being locking. This imposed ’failure’ criteria
results in the optimiser (Galapagos) adjusting pretension to resist deformation. Though the pretension
changes in both horizontal and vertical cables dependant on initial geometry, these differing pretensions
result in an ideal equilibrium geometry best suited to resisting deformation, and hence, prolonging failure.
The ideal geometry can be obtained for many starting geometries, which is the reason for more flexible
materials having an optimal range. Opposingly, stiffer materials are found to primarily fail due to material
limits (i.e. yielding or buckling). These failure criterion occur prematurely when pretensioning is introduced, so stiffer material structures perform better when no pretension is introduced. This also results in
there being a unique solution for the material parameters, unlike the optimal range determined for flexible
cable materials.
Additionally, investigations have shown that scaling of the structure (in most ways) has no direct
impact on the structure itself. This is mainly due to the structure transferring load axially. The only
factor which is affected directly by the scaling of the structure is strut bending/buckling. Otherwise, any
increase in scale has no direct correlation to an increase (or decrease) in structural capacity.
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How does load affect tensegrity geometry and to what extent does pretensioning resist this?
Loading directly impacts the geometry of a tensegrity structure, though the effect of loading differs greatly
based on material parameters and internal pretension. Pretensioning greatly increases a structures stiffness,
resulting in smaller deformations when load is applied. However, this is not universally true, as tensegrities
constructed of stiffer material (e.g. steel) require no pretension to remain stiff, and are able to resist
deformation to a greater extent than structures consisting of more flexible material.
Tensegrities consisting of stiff cable material primarily fail due to material failure (i.e. yielding or buckling), which may occur prematurely through introducing pretension. Opposingly, tensegrities consisting
of flexible material tend to fail due to the stopping criteria of locking. This occurs due to material deformation, and is resisted primarily through introducing pretension, creating a stiffer structure that is more
resilient to imposed loading. The extent to which pretensioning improves the stiffness of flexible structures
is indicated in Figure 6.2. While the structures in this figure all have a deflection between approximately
24mm to 30mm, their ability to resist load differs greatly. The optimally pretensioned simulation can
resist load up to 6x greater than the results achieved experimentally by Amendola et al (2014).
What is the load capacity of tensegrity structures, and do different design parameters affect
this value?
The answer to this question is dependant upon many parameters, with there existing no single solution
to the problem. In comparison, there is no single answer to the question “what is the load capacity of
a column”, rather the answer is dependant upon the specific parameters which define the column. The
load capacity of a tensegrity is primarily dependant upon the materials used, geometry, and pretension.
The answer is also dependent upon the specified boundary conditions. If the failure mode is an imposed
limit (e.g. locking), then this will likely not be the point of ultimate failure. This behaviour was seen in
Structure 2A (Chapter 9). From Figure 9.19, it is seen that the structure reaches a value of approximately
3.37kN when locking occurs, indicating the point of imposed failure. However the test continues with the
structure being capable of resisting a maximum load of up to 8.116kN. The imposed boundary conditions
(locking and strut buckling) limit the load capacity of the structure, though may not necessarily reflect
the actual (ultimate) load capacity.
Several structures (of differing scales) have been tested in Chapters 8 and 9, with load capacities
varying between 0.15kN and 14.415kN. These structures have been comprised of different materials with
differing initial geometries, varying levels of pretension, and diverse methods of connection. From these
results, it is clear that there is no single value that determines what the load limit of tensegrities may be,
but rather the design specifications and the material parameters which ultimately dictate the behaviour
of the structure.
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Can tensegrity structures be designed to withstand specific loads or remain bounded by
specified deflection parameters?
As investigated in Chapter 6, the optimised trends observed in tensegrities can be used to predict tensegrity
behaviour. These predictions can further be used to design structures for a specific purpose. The equations
provided for this purpose (Table 6.9, Table 6.10 and Equation 6.5) are only applicable to the structure
specified, though they do prove that a generalized behaviour profile can be accurately obtained.
Using the determined behaviour profiles (e.g. load-deflection curves), a specific tensegrity geometry
(with specified pretension) can be designed such that for a given load, the deflection is known. Opposingly,
if a deflection limit is desired, then a maximum load tolerance can be obtained. Alternatively, additional
boundary criteria (e.g. maximum deflection) may be introduced within the computer model, with the
structure being re-optimized to determine the maximum load tolerable for the new boundary criteria.
Such structures would be designed using the behaviour profiles obtained by the computer model,
which has been shown to accurately predict the behaviour of tensegrity structures. Structure 2B (seen
in Chapter 9) is proof of this, with the design of the structure incorporating the behavioural predictions
of the computer model. During testing it was found that the results (both experimental and simulated)
aligned almost perfectly, with only minor deviation (as seen in Figure 9.30). These deviations were due
to additional failure mechanisms, which can be accounted for, as shown in Figure 9.25. However, if a
serviceability limit were to be imposed (such as the 40% load limit seen in testing for Structures 1B, 2A
and 2B), then the results would be predictable without deviation.
Is computer modelling a better method of predicting tensegrity behaviour than existing
approaches?
While some analytical methods for predicting tensegrity behaviour have been shown to work (Fraternali et
al, 2014), these analytical methods suffer from being incapable of determining certain boundary conditions
(e.g. locking). This is exemplified in Figure 5.15, where it is seen that the analytic model, while proficient
at predicting model behaviour, does not appear capable of determining locking. While able to determine
general behaviour, analytical models appear far less comprehensive then a computer simulation. The additional advantage of simulating the results through a computer model is the incorporation of optimisation
algorithms, which greatly assist with improving structural capacities.
An additional advantage that software has over analytical methods is visualisation. An analytical
method requires the user to imagine what it is being modelled, and how it may react. However, the
computer model is capable of offering a method of displaying the object. This is shown in Figure 5.12,
where adjustments to model variables create an immediate visualisation reflecting these changes. Though
this does not necessarily offer any quantitative benefits, this approach does assist with design.
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It is difficult to specify if one method is better than the other, as both approaches have benefits as well
as drawbacks. Analytical methods can return fast, accurate results with input variables being changed
very easily, though these methods currently lack certain realistic boundaries (e.g. locking). Some bounds
may be introduced (e.g. buckling), but it is also difficult to form-find for small variations in variables.
Alternatively, computer models can also return fast and accurate results, though the construction of the
model is time consuming, and results may be less accurate than an analytical approach as solutions are
obtained through iterative numerical means. Boundary conditions can be easily introduced, but results
cannot be immediately assumed to be correct and may require some level of validation.
In what ways can computer modelling assist with the design and analysis of tensegrity
structures?
As seen in Chapters 6 and 7, computer modelling has greatly assisted in the optimisation of pretensile
forces within a tensegrity structure, so that a maximised load bearing value is obtained. With this
optimisation being paired with adjustable geometry, the general behaviour for any material combination
can be determined. Figures 6.11 and 7.18 both indicate that an ‘optimal’ range exists for tensegrity
structures where cable material is more flexible, whereas Figure 7.21 indicates that when tensegrity cables
are stiffer (e.g. steel wire rope), there is a definitive peak load capacity.
Using the obtained behavioural trends for the structure, design equations can be determined (as shown
in Table 6.9). These equations may be used to predict the idealised load capacity, necessary pretension
for the horizontal and vertical cables, and deflection at maximum load. With this, a designer can develop
a structure to required specifications (assuming that the tensegrity is only resisting compressive loads).
Additionally, as scale does not affect the structures ability to bear load, these design equations may be
used to create a structure of larger (or smaller sizes) assuming that the materials are those specified. The
only factors which may change in this scaling process is the deflection (which scale proportionally with
the size of the structure) and deflection of the strut. The trends shown in Table 6.9 are specific to the
geometry and material properties specified. However, using the computer model, material properties, and
the process outlined in Section 6.4, additional tensegrity models may be optimised to determine trends,
with those trends being utilised to create design equations.
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10.2

Conclusions

With the testing that has been conducted, there are several conclusions which may be made surrounding
tensegrities in general, and about the structural capabilities of tensegrities structures. Firstly, while it
has been previously stated that pretension within tensegrity structures is of high importance, this is not
necessarily true. Tensegrities constructed using cables with a more flexible behaviour require pretensioning
to avoid imposed failure mechanisms, such as locking. This pretensioning makes the structure as a whole
more rigid, improving its load bearing capacity. However, for stiffer materials (such as steel) pretensioning
hinders the structures capabilities. With materials being stiffer, the structure is more likely to fail due to
material bounds, such as yielding or buckling. Pretensioning within this structure introduces additional
forces which result in premature member failure. This indicates that while pretensioning can be important
for structural stiffness and load capacity, this is not always true.
It has been found that computer modelling of a tensegrity structure can accurately replicate the
behaviour of a compressively loaded structure, and replicate boundary conditions (such as locking). Being
able to simulate this behaviour allows for a better understanding of the tensegrities response under loading.
However, this simulation is limited based on certain assumptions about elements within the structure. This
was found in Structure 2A (Chapter 9) where strut bending and connection plate deformation resulted
in additional deflection not accounted for within the simulation. If these factors can be accounted for (as
was seen in Structure 2A when bending/buckling behavior was included) or eliminated completely, then
the response of the structure to loading can be simulated with a higher precision (as was initially seen in
Structure 2B).
These computer simulations, when paired with optimisation software, can accurately determine the
ideal load bearing capacity for given pretensions within a tensegrity structure. These behavioural trends
can be used to determine generalised geometric response and load capacities, which can be used to successfully develop design equations for tensegrity structures. While these design equations are developed
for specific geometry, the scale of tensegrity structures has been shown to have no major impact on the
structure (other than buckling limit). Therefore, these equations may be used to design a structure, which
may then be scaled up (or down) with no major effect to structural capacity.

196

Additional to this, though pretensioning is important to structural stiffness, and geometry can improve
or impair load bearing capacity, ultimately it is the choice of material which has the greatest impact on
the structure. Pretensioning can improve rigidity, but only if the cables consist of a flexible material. If
the material is stiff, then pretensioning inhibits structural performance. Initial pretensioning (determined
through optimisation) is also typically limited by material properties. If a pretension value is too large,
then the material is likely to yield at a lower compressive load. Similarly, the geometry of the structure
can benefit or hinder the structure based on the materials. In the instance of the steel wire structures
(investigated in Chapter 9), material properties greatly improved the load bearing capacity of the structure.
However, the flexible structures (using Shimano PowerPro and Black Magic Leader) deflected to a greater
extent, failing due to locking. The extent to which geometry and pretensioning affects the structural
performance differs greatly from structure to structure. However, material properties always consistently
have a large impact on performance.

10.3

Recommendations

Based upon the findings of this thesis, there are several recommendations that can be made on how to
improve the quality of the methodologies established, and what research could be conducted to further
the understanding of tensegrities. The focus of this thesis was on the load response for 3-bar tensegrity
cells. With some minor modifications (which are very simple to undertake), the model could be adapted
to examine any number of prismatic tensegrities. This would allow for an examination into the many
types of tensegrity prismatic cells (e.g. 4-bar tensegrity cell, 5-bar tensegrity cell,...etc.) to investigate if
the behaviours discovered within this thesis are consistent across all tensegrity cell assemblies.
In Chapter 8, there were numerous inconsistencies found in the measurements of both Structures 1A
and 1B, resulting in the structures being asymmetric. The computer model which was developed assumed
that the tensegrity structures would by symmetric (in three axes) meaning that the structures could not
be perfectly simulated. Four cases were developed whereby the structures could be approximated within
the computer model, though a higher level of precision would have been obtained if the computer model
was capable of analysing an asymmetric model. While it would have been beneficial to construct this
computer model, this was impossible due to time constraints. Developing a computer model with this
capability would be very beneficial to tensegrity research, as it has been shown that constructing perfectly
symmetric tensegrity structures is very difficult.
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In examining how different cable materials affect tensegrity behaviour, pretensioning is found to improve the performance of flexible cable tensegrities, but inhibits stiff cable structures. While understanding
this behaviour is important, there exists more than the two specific materials investigated. The Young’s
Modulus values found for these materials are 1.35GPa and 152GPa for the flexible and stiff materials respectively, though many materials exist both within and outside of this region. For structural applications,
it is expected that steel wire rope would be used, though this may not always be true. Having a general
understanding of how materials affect tensegrity behaviour would be very beneficial.
The connection plates utilised for connecting struts and cables (in Structures 2A and 2B) worked well
in practice. However, deformation was evident in these plates when the structure experienced higher
loads. This deformation resulted in inconsistencies between the experimental and simulated results. The
mechanical fixings were found to be acceptable for the limited testing conducted, though for further
testing or application, these connection plates would need redesigning to ensure deformation would no
longer occur. It would be recommended that there be additional focus on the design of connection points
adequate to connect the struts and cables together, while also being capable of resisting the higher loads
experienced by the structure.

10.4

Evaluation of work

The aim of this thesis was to investigate the structural performance of tensegrity structures, and it is
believed that the work completed has achieved this goal. Specifying the aim of this research as ‘Investigating the structural performance of tensegrities’ creates a broad scope of works for a research project,
where it becomes difficult to determine if the work completed is considered sufficient to have achieved this
aim. Through breaking up this aim into the four objectives (listed in Section 1.2) and addressing them
individually, it is believed that many different aspects of tensegrity structures have been investigated. Additionally, addressing the research questions (also listed in Section 1.2) have further assisted in developing
the research, and given this thesis a clear direction in which to head, and distinct objectives to achieve.
Through conducting a thorough literature review, a fundamental understanding of tensegrities was
obtained, with specific knowledge gained about geometry, behaviour and the state of existing tensegrity
research. This lead to gaps in the research being identified. Using the information gained about geometry
and behaviour, a computer model was developed to predict the behaviour of tensegrity structures under
loading. This model was then validated against existing experimental data, and through comparison to
an existing analytical model.
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The validated computer model was then paired with optimisation software, to improve the load carrying
capacity of tensegrities through optimising the pretension which existed in the horizontal and vertical
cables. This behaviour was further investigated for different aspect ratios, geometric scale, and for differing
material properties. Behavioural trends were obtained for three distinct sets of geometric and material
properties to determine how tensegrities perform under a range of circumstances. These behaviours and
trends were used to design and construct four tensegrity structures, with all structures being compressively
loaded. The testing of these structures resulted in further behavioural insights for load bearing tensegrities,
while also yielding results to further validate the work previously conducted.
From the work completed, it is believed that tensegrity structures are capable of not only being architectural features, but also capable of bearing structural loads. While investigation was limited to only
bearing a compressive load, the results obtained indicated that tensegrities, even when not pretensioned,
are capable of bearing significant load. While the analysis was primarily computer based, the results
are encouraging. Further investigation is required to determine the extent to which tensegrities may be
utilised. However, it is believed that the high strength-to-mass ratio of tensegrity structures make them
efficient structures capable of bearing the loads present within the built environment.
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GOMEZ-JÁUREGUI, V. 2004. Tensegrity structures and their application to architecture, PUbliCan.
HANAOR, A. & LIAO, M.-K. 1991. Double-layer tensegrity grids: static load response. Part I: analytical
study. Journal of structural engineering, 117, 1660-1674.

203

HEARTNEY, E. 2013. Kenneth Snelson: Art and Ideas. kennethsnelson.net: Kenneth Snelson.
HORIKAWA, J. 2017. [Grasshopper] 0014 Simple Tensegrity + Kangaroo 2 (Slow ver.). Youtube, viewed
05 February 2020, <https://www.youtube.com/watch?v=0MJib Dovp8>
HULL, P. V., TINKER, M. L. & DOZIER, G. V. 2006. Evolutionary Optimization of a Geometrically
Refined Truss. Structural and Multidisciplinary Optimization, 31(4), 311-319
INGBER, D. E. 1998. The architecture of life. Scientific American, 278, 48-57.
INTENSION DESIGN. 2017. Single Tensioned Pelvis [Online]. Intension Design, viewed 30 June 2017,
<http://intensiondesigns.ca/models/: Intension Design>
KANNO, Y. 2011. Topology optimization of tensegrity structures under compliance constraint: a mixed
integer linear programming approach. Optimization and Engineering, 14, 61-96.
KANNO, Y. 2013. Exploring new tensegrity structures via mixed integer programming. Structural and
Multidisciplinary Optimization, 48, 95-114.
KAWAGUCHI, K. 2017. Reusable Deployable Tensegrity Arch.
http://tensegritywiki.com/Arch: TensegrityWiki.
KELLY, K. (2017), Premature Optimization [Online], Edge, 2017: What scientific term or concept
ought to be more widely known?, viewed on 05 February 2020, ¡ https://www.edge.org/responsedetail/27063¿
KENNER, H. 1976. Geodesic math and how to use it, Univ of California Press.
KIM, K., AGOGINO, A. K., MOON, D., TANEJA, L., TOGHYAN, A., DEHGHANI, B., SUNSPIRAL,
V. & AGOGINO, A. M. 2014. Rapid prototyping design and control of tensegrity soft robot for
locomotion. 2014 IEEE International Conference on Robotics and Biomimetics (ROBIO), IEEE,
7-14.
KIM, J. & Park, K. 2018. The design characteristics of nature-inspired buildings. Civil Engineering and
Architecture, 6(2), pp.88-107.
KOJIMA, K. 2012. MOOM Tensegrity Membrane Structure. Wewanttolearn.net, viewed 22 June 2017,
<https://wewanttolearn.wordpress.com/2012/11/12/moom-tensegritic-membrane-structure-nodaby-kazuhiro-kojima/>
KOOHESTANI, K. 2012. Form-finding of tensegrity structures via genetic algorithm. International Journal of Solids and Structures, 49(5), pp.739-747.
KOUCHAMI-SARDOO, I., SHIRANI, H., ESFANDIARPOUR-BOROUJENI, I., BESALATPOUR, A.A.
& HAJABBASI, M.A., 2020. Prediction of soil wind erodibility using a hybrid Genetic algorithm–Artificial neural network method. Catena, 187, p.104315.
LEE, D. S.-H. & LARSEN, O. P. 2014. The Design and Construction of a Tensegrity Lighting Sculpture.
International Association for Shell and Spatial Structures. Journal, 55, 31-36.
LEE, S. & LEE, J. 2014. Form-finding of tensegrity structures with arbitrary strut and cable members.
International Journal of Mechanical Sciences, 85, 55-62.

204

LEE, S., WOO, B.-H. & LEE, J. 2014. Self-stress design of tensegrity grid structures using genetic
algorithm. International Journal of Mechanical Sciences, 79, 38-46.
LEILA, M. 2018. The big picture of Operations Research. Towards data science, viewed 31 January 2020,
<https://towardsdatascience.com/the-big-picture-of-operations-research-8652d5153aad>
LEMONIS. M. E. 2020. Column Buckling Calculator [Online]. Calc Source, viewed 10 November 2020,
<https://calcresource.com/statics-buckling-load.html>
LESSARD, S., BRUCE, J., JUNG, E., TEODORESCU, M., SUNSPIRAL, V. & AGOGINO, A. 2016. A
lightweight, multi-axis compliant tensegrity joint. 2016 IEEE International Conference on Robotics
and Automation (ICRA), 2016. IEEE, 630-635.
LIAPI, K., KIM, J. & LIU, R. 2004. Design and Fabrication of Tensegrity Structures – A Computer Based
System. Ontario: Computer Aided Design in Architecture, 23, 100-109
LU, J. & ZHANG, M. 2013. Heuristic Search. Encyclopedia of Systems Biology, Springer, New York, NY.
MA, R., MA, R. & GUEST, J. K. 2016. Research on optimum design and construction process of tensegrity
tower structures. Advances in Structural Engineering, 19, 409-419.
MA, Y., WANG, X. & ZUO, W., 2020. Analytical Sensitivity Analysis Method of Cross-Sectional Shape
for Thin-Walled Automobile Frame Considering Global Performances. International Journal of
Automotive Technology, 21(5), pp.1207-1216.
MARION, G. & LAWSON, D. 2008. An Introduction to Mathematical Modelling [Online]. University of
Bristol, viewed 06 May, <https://people.maths.bris.ac.uk/ madjl/course text.pdf>
MASIC, M., SKELTON, R. E. and GILL, P. E. 2006. Optimization of tensegrity structures. International
Journal of Solids and Structures, 43(16), pp.4687-4703.
MATLAB. 2015. Find global minima for highly non-linear problems [Online]. Genetic Algorithm, viewed
18 July 2020, <https://www.mathworks.com/discovery/genetic-algorithm.html>
MATMATCH. 2020. Carbon Steel: Properties, Production, Examples and Applications [Online]. Matmatch, viewed 12 September 2020, <https://matmatch.com/learn/material/carbon-steel>
MAXWELL, J. C. 1864. L. on the calculation of the equilibrium and stiffness of frames. The London,
Edinburgh, and Dublin Philosophical Magazine and Journal of Science, 27, 294-299.
MEGGINSON, L. C. 1963. Lessons from Europe for American Business, Southwestern Social Science
Quarterly (1963) 44(1): 3-13, at p. 4
MERO. 2017. Tensegrity Tower ’Warnowturm’ Rostock [Online].
http://www.mero.de/index.php/en/construction-systems/references-en/cable-struct-ures/tensegrit
y-tower-warnowturm-rostock-en-cable. [Accessed 10 July 2017].
MITSOS, I., GUEST, S., WINSLOW, P. & MARTIN, B. 2011. Experimental investigation of a double
layer ‘tensegrity’space frame. 6th International Conference on Space Structures

205

MASCOLO, I., AMENDOLA, A., ZUCCARO, G., FEO, L., & FRATERNALI, F. 2018. On the geometrically nonlinear elastic response of class θ = 1 tensegrity prisms, Frontiers in Materials, 5, Article
ID 16.
MOTRO, R. 2003. Tensegrity: structural systems for the future, Elsevier.
NANAYAKKARA, K. I. U., HE, L., FAIRCLOUGH, H. E. & GILBERT, M. 2020. A simple layout
optimisation formulation for load-carrying tensegrity structures. Structural and Multidisciplinary
Optimization, 62(6), pp.2935-2949.
NAVTEC. 2016.

The Rigging Solution of Lewmar Marine [Online].

Navtec, viewed 13 May 2020,

<http://www.wichard.com.au/wp-content/uploads/2016/04/Navtec-English.pdf>
NOBLES. 2020. General Information – Wire Rope. Nobles.
OLANDER, D. 2019. 30-Pound Fishing Line Strength Test [Online]. Sport Fishing, viewed 09 July 2020,
<https://www.sportfishingmag.com/gallery/gear/2014/11/line-test/>
OLEJNIKOVA, T. 2012. Double Layer Tensegrity Grids. Acta Polytechnica Hungarica, 9.
PANIGRAHI, R., GUPTA, A. & BHALLA, S. 2009. Dismountable steel tensegrity grids as alternate roof
structures. Steel and Composite Structures, 9, 239-253.
PARS, M. 2017. Tensegrity: Architecture [Online]. Tensegrity, viewed 10 July 2017, <http://www.tensegri
teit.nl/e-architecture.html>
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Appendix A
Geometric calculations for tensegrity
This appendix will examine the fundamental geometric properties of a tensegrity, and largely follows the
Burkhardt (2008). Though the explanation and layout differs, the same methodology may be found in
Burkhardt’s A practical guide to tensegrity design
Assumptions surrounding the model geometry will first be made to determine nodal coordinates, which
will be used to determine the equilibrium conditions for the structure. These values will then be used to
determine the lengths of all structural elements within the tensegrity.

Figure A.1 - Tensegrity structure (left) plan view and (right) side view
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Knowing that the structure shown in Figure A.1 represents the generic layout for a 3-bar tensegrity cell,
it is known that the base and top planes create an equilateral triangle centered about the origin. These
planes are offset by a height of h and rotated by an angle of rotation θ. Both of these equilateral triangles
fit the radius of curvature r of a circle centered about the same origin. Knowing that the coordinates of
this system relate directly to a radius and an angle, it is decided that a polar coordinate system is better
suited. However, a Cartesian conversion will also be given when a solution is found.

Figure A.2 - Interior angles of the base plane (left) and top plane (right)
By first examining the base plane nodes (A,B and C), if the assumption is made that the coordinates are
evenly spaced around the circumference of the circle (120◦ apart), then the coordinates can be calculated
using a generic radius r of the circle. This same approach may be used for the top plane while adding the
additional angle of rotation θ to each offset coordinate (A′ ,B ′ and C ′ ). The summarised polar coordinates
for each node may be seen in Table A.1.
Table A.1 - Summarised polar coordinates for a general tensegrity

Node

Height

Radius

Angle

A

0

r

π
2

B

0

r

7π
6

C

0

r

11π
6

A’

h

r

π
2

+θ
+θ
+θ

B’

h

r

7π
6

C’

h

r

11π
6
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Using these polar coordinates, the lengths of the struts, horizontal cables and vertical cables can be
determined. These distances can be calculated using Equation A.1, with different end nodes being used
based on the length being sought after. In the calculations shown below Equations A.2, A.3 and A.4), the
strut length l is determined using node length A − A′ , horizontal cable length ch using A − B, and vertical
cable length cv using A − C ′ . These lengths can be found using alternate node combinations resulting in
identical distances.

D=

p

r1 2 + r2 2 − 2r1 r2 cos(θ1 − θ2 ) + (z1 − z2 )2

(A.1)

l = |AA′ |
q
′ 2 − 2r r ′ cos(θ − θ ′ ) + (z − z ′ )2
l = rA 2 + rA
A A
A
A
A
A
r
π
π
l = r2 + r2 − 2r2 cos( − ( + θ)) + h2
2
2
p
l = 2r2 − 2r2 cos(−θ) + h2 , cos(x) = cos(−x)
p
l = 2r2 − 2r2 cos(θ) + h2

(A.2)

ch = |AB|
p
ch = rA 2 + rB 2 − 2rA rB cos(θA − θB ) + (zA − zB )2
r
π 7π
ch = r2 + r2 − 2r2 cos( −
)+0
2
6
r
−2π
ch = 2r2 − 2r2 cos(
3
r
−1
ch = 2r2 − 2r2
2
p
ch = 2r2 − r2
√
ch = 3r

(A.3)

cv = |AC ′ |
p
cv = rA 2 + rC ′ 2 − 2rA rC ′ cos(θA − θC ′ ) + (zA − zC ′ )2
r
π 11π
− θ) + h2
cv = r2 + r2 − 2r2 cos( −
2
6
r
−4π
cv = 2r2 − 2r2 cos(
− θ) + h2
3
r
2π
cv = 2r2 − 2r2 cos(
− θ) + h2
3

(A.4)
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Knowing these lengths, the equilibrium position for the tensegrity structure may now be found. We may
use Equations A.2 and A.4 in order to try and determine a minimum value for one of the functions, in
this instance cv . Given the tensegrity structure, the length of the struts l will be a fixed length (but
still governed by Equation A.2), however the if a minimal length of cv can be found, then it will be the
equilibrium position for the structure as a whole.
cv may be minimised through controlling its variables (r, θ and h), however the problem is also bounded
by the length of the struts l. This is what is commonly referred to as a constrained optimisation problem,
where the objective function and its variables are bounded by certain constraints. An example of this type
of problem may be seen in Equation 4.1. The problem can be simplified by assuming that the radius r is
a fixed value r′ , however two variables still exist within the problem. The problem (as it currently exists)
is seen in Equation A.5.
r
minimize
θ,h

2r2 − 2r2 cos(

cv =
where

2π
− θ) + h2
3

(A.5)

p
l = 2r2 − 2r2 cos(θ) + h2

To further simplify this problem, we can transform it into an unconstrained optimisation problem. This
may be accomplished by rearranging the equation for length (Equation A.2) in terms of height h, and substituting this into Equation A.4, thus eliminating a constraint and an unknown variable. When Equation
A.2 is rearranged to be 2r2 + h2 = l2 + 2r2 cos(θ) and substituted, the unconstrained optimisation problem
becomes that shown in Equation A.6.
r
minimize
θ

cv =

l2 + 2r2 cos(θ) − 2r2 cos(

2π
− θ)
3

(A.6)

Given that a minimisation for cv needs to be found, and also given that there now exists only a single
variable, the derivative of cv may now be taken with respect to the angle of rotation θ. The reason for
this is that the gradient change for cv when it is at its minimum (or maximum) will be equal to zero (i.e
dcv
dθ

= 0) In taking this derivative, a single variable equation will remain in terms of θ which may be used

to find that equilibrium occurs when the angle of rotation θ =
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5π
6

(Equation A.7).

r
dcv
2π
d
l2 + 2r2 cos(θ) − 2r2 cos(
=
− θ) = 0
dθ
dθ
3
s


d
2π
2π
2
2
2
0=
l + 2r cos(θ) − 2r cos( )cos(θ) + sin( )sin(θ)
dθ
3
3
v
!
u
√
−1
du
3
t
l2 + 2r2 cos(θ) − 2r2
cos(θ) +
sin(θ)
0=
dθ
2
2


√
−2r2 sin(θ) − 2r2 12 sin(θ) + 23 cos(θ)
0= r


√
3
2 l2 + 2r2 cos(θ) − 2r2 −1
cos(θ)
+
sin(θ)
2
2
!
√
1
3
0 = −2r2 sin(θ) − 2r2
sin(θ) +
cos(θ)
2
2
√
3
1
cos(θ)
0 = sin(θ) + sin(θ) +
2√
2
3
3
0 = tan(θ) +
(for cos(θ) ̸= 0)
2
2
√
− 3
tan(θ) =
3
√ !
5π
− 3
−1
=
θ = tan
3
6
Given the equilibrium angle of rotation θ =

5π
6 ,

(A.7)

this may now be substituted into Equations A.2 and A.4

to determine the vertical cable length cv and strut length l at equilibrium (Equations A.8 and A.9). These
lengths may now be utilised to to construct the basic geometry for either a physical tensegrity structure,
or for developing the initial framework of a computer model.
q
l=

r2 (2 +

q
cv =

√

r2 (2 −
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3) + h2

√

3) + h2

(A.8)

(A.9)

Appendix B
Rhino Code
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Figure B.1 - Complete Rhino code with reference to additional details

216

Figure B.2 - Recorded results for optimised genetic algorithm and load-deflection behaviour

217

Figure B.3 - Recorders for each variable to record all tested sets

218

Figure B.4 - Number sliders controlling initial variable parameters and boundary conditions

219

Figure B.5 - Instantaneous output of current model

220

Figure B.6 - Initial geometry creating nodal coordinates

221

Figure B.7 - Calculation of initial tensegrity geometry

222

Figure B.8 - Fixities of nodes at the base of the tensegrity

223

Figure B.9 - Using nodal coordinates to create structural members

224

Figure B.10 - Giving the struts 3D shape, bounding strut collision, and applying loads to strut apexes

225

Figure B.11 - Combining all model bounds and properties

226

Figure B.12 - Analysers used to solve loaded and equilibrium tensegrities

227

Figure B.13 - Post-analysis separation of results

228

Figure B.14 - Penalty functions dependant of structural behaviour
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Appendix C
Expanded results of optimal tensegrity behaviour
Shimano Spectra Fibre
Table C.1: Results of optimisation simulation for Shimano Spectra Fibre (Part 1)
Aspect Ratio

0.25

0.3

0.35

0.4

0.45

0.5

0.55

0.6

Compressive Force (kN)

0.59

0.80

1.03

1.28

1.54

1.81

2.13

2.41

Vertical Pretension (N)

0.5

0.6

0.8

0.1

1.3

0.1

0.5

1.4

Horizontal Pretension (N)

964.3

969.8

992.2

1010.8

1035.9

1070.0

1099.4

1097.2

Horizontal Equilibrium Pretension (N)

773.3

720.4

666.9

603.6

541.1

480.3

422.9

367.7

Vertical Equilibrium Pretension (N)

772.0

817.4

862.3

881.8

886.1

877.0

850.2

796.0

Final Height (m)

0.043

0.050

0.059

0.066

0.074

0.088

0.092

Strut Stress (MPa)

47.5

47.8

48.6

49.4

50.5

53.1

53.9

Table C.2: Results of optimisation simulation for Shimano Spectra Fibre (Part 2)
Aspect Ratio

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

Compressive Force (kN)

2.68

2.88

3.13

3.29

3.28

3.26

3.32

3.30

Vertical Pretension (N)

9.2

0.0

15.2

56.6

77.3

211.6

244.3

321.0

Horizontal Pretension (N)

1097.7

1012.3

1006.8

987.3

920.1

803.9

748.9

652.5

Horizontal Equilibrium Pretension (N)

323.8

271.2

243.7

230.6

209.1

232.9

223.0

226.9

Vertical Equilibrium Pretension (N)

749.1

647.2

613.0

602.1

557.5

604.7

587.2

595.2

Final Height (m)

0.097

0.096

0.100

0.103

0.106

0.103

0.105

0.104

Strut Stress (MPa)

54.9

54.2

55.2

56.3

54.3

56.2

56.0

56.1
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Table C.3: Results of optimisation simulation for Shimano Spectra Fibre (Part 3)
Aspect Ratio

1.05

1.1

1.15

1.2

1.25

1.3

1.35

1.4

Compressive Force (kN)

3.29

3.28

3.28

3.28

3.27

3.25

3.27

3.26

Vertical Pretension (N)

381.8

412.8

494.4

539.6

582.8

619.9

662.2

699.6

Horizontal Pretension (N)

569.2

494.7

410.7

341.2

266.2

193.7

132.3

68.7

Horizontal Equilibrium Pretension (N)

228.1

220.4

231.6

231.7

231.6

230.4

232.7

233.8

Vertical Equilibrium Pretension (N)

597.1

580.1

603.3

604.5

602.6

598.2

604.8

607.0

Final Height (m)

0.104

0.105

0.103

0.103

0.103

0.103

0.103

0.103

Strut Stress (MPa)

56.1

55.2

56.2

56.3

56.2

55.8

56.2

56.2

Table C.4: Results of optimisation simulation for Shimano Spectra Fibre (Part 4)
Aspect Ratio

1.45

1.5

1.55

1.6

1.65

1.7

1.75

1.8

Compressive Force (kN)

2.81

2.80

2.69

2.64

2.42

2.27

2.17

2.09

Vertical Pretension (N)

982.0

998.9

1015.5

1046.9

1035.6

1023.2

1002.3

1000.5

Horizontal Pretension (N)

33.8

9.6

13.3

4.7

3.3

0.4

3.4

0.1

Horizontal Equilibrium Pretension (N)

322.3

319.8

319.1

322.5

311.9

301.1

288.0

281.1

Vertical Equilibrium Pretension (N)

809.5

821.8

851.6

884.4

888.0

888.2

883.1

889.1

Final Height (m)

0.106

0.109

0.115

0.118

0.122

0.126

0.129

0.131

Strut Stress (MPa)

57.0

57.1

56.0

56.2

53.4

51.4

50.5

49.4

Black Magic Leader
Table C.5: Results of optimisation simulation for Black Magic Leader (Part 1)
Aspect Ratio

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

Compressive Force (kN)

1.87

2.43

2.78

2.78

2.80

2.96

2.91

2.93

Vertical Pretension (N)

18.6

66.4

48.6

183.8

304.1

379.3

497.4

581.7

Horizontal Pretension (N)

1036.2

1174.2

961.7

799.3

662.6

573.2

431.1

309.8

Horizontal Equilibrium Pretension (N)

436.3

362.3

258.4

250

246

234.5

242.3
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Vertical Equilibrium Pretension (N)

849.8

866.4

641.8

619.8

613.9

606.9

620.5

623.2

Final Height (m)

0.081

0.1

0.095

0.094

0.095

0.098

0.097

0.097

Strut Stress (MPa)

50.9

55.3

53.1

52.4

52.3

53.5

53.5

53.9
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Table C.6: Results of optimisation simulation for Black Magic Leader (Part 2)
Aspect Ratio

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2

Compressive Force (kN)

2.95

3.04

2.37

2.3

2.17

1.94

1.76

1.58

Vertical Pretension (N)

646.7

837.5

971.2

971.2

1026.4

985.8

978.2

964.9

Horizontal Pretension (N)

196.2

105.8

107.6

29.3

6.8

6.6

3.4

2.7

Horizontal Equilibrium Pretension (N)

240.7

287.5

319.6

302.9

307.8

281.5

266.9

251.6

Vertical Equilibrium Pretension (N)

619.6

727

852.4

828.3

881.8

870.4

879.2

881.2

Final Height (m)

0.097

0.092

0.114

0.117

0.122

0.129

0.134

0.138

Strut Stress (MPa)

53.9

59.4

52.6

50.9

50.6

47.1

45.3

42.9

Steel Wire Rope
Table C.7: Results of optimisation simulation for Steel Wire Rope (Part 1)
Aspect Ratio

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

Compressive Force (kN)

4.42

5.38

6.26

7.11

7.91

8.68

9.40

10.10

Vertical Pretension (N)

143.1

13.4

21.2

5.8

10.4

3.1

17.7

4.3

Horizontal Pretension (N)

6.7

20.9

1.4

1.3

11.4

6.5

3.0

3.6

Horizontal Equilibrium Pretension (N)

34.1

13.7

6.2

2.4

6.5

2.5

6.3

1.9

Vertical Equilibrium Pretension (N)

37.8

17.3

9.9

3.2

12.3

5.6

12.2

4.4

Final Height (m)

0.068

0.080

0.091

0.100

0.108

0.114

0.120

0.125

Strut Stress (MPa)

220.2

220.1

220.2

220.2

220.2

220.2

220.2

220.1

Table C.8: Results of optimisation simulation for Steel Wire Rope (Part 2)
Aspect Ratio

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2

Compressive Force (kN)

10.73

11.38

11.95

12.56

13.09

13.60

14.10

14.50

Vertical Pretension (N)

22.4

13.7

51.9

25.5

36.6

27.2

5.0

56.6

Horizontal Pretension (N)

54.7

70.6

51.3

17.9

26.5

47.7

5.7

45.2

Horizontal Equilibrium Pretension (N)

13.6

12.0

18.7

8.1

10.9

9.9

2.1

14.4

Vertical Equilibrium Pretension (N)

35.0

32.2

54.0

24.9

36.0

31.9

5.2

54.3

Final Height (m)

0.129

0.132

0.135

0.138

0.140

0.142

0.144

0.146

Strut Stress (MPa)

220.0

220.2

220.0

220.1

220.2

220.2

220.1

220.0

232

Table C.9: Results of optimisation simulation for Steel Wire Rope (Part 3)
Aspect Ratio

2.1

2.2

2.3

Compressive Force (kN)

14.98

16.34

17.60

Vertical Pretension (N)

10.5

14.6

8.5

2.4

2.5

2.6

17.67

17.35

17.17

127.2

131.0

119.8

Horizontal Pretension (N)

85.5

55.9

8.7

83.4

32.5

98.1

Horizontal Equilibrium Pretension (N)

5.5

5.1

3.0

25.8

23.7

22.0

Vertical Equilibrium Pretension (N)

22.8

21.3

8.3

118.1

114.8

113.2

Final Height (m)

0.147

0.148

0.149

0.150

0.151

0.152

Strut Stress (MPa)

220.1

220.1

220.2

214.5

203.3

194.6
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Appendix D
Strain gauge validation
Before a direct comparison can be made, the samples must first be converted to identical units. All strain
gauge readings were measured in macrostrain (µϵ) and will need to be multiplied by 106 to obtain strain
(ϵ). Likewise, the extensometer measurements were in percentage elongating and will need to be divided
by 100 to convert the percentage to strain. Following this conversion, the results can be graphed alongside
each other. These results can be seen in Figures D.1.
From the results, it is apparent that a single result measures almost identically between the extensometer
and the strain gauge (Sample 3). Samples 2 and 6 are somewhat consistent, whereas Samples 4 and 5,
while maintaining a similar gradient over time, show variation in results. It should also be noted that
for some samples, the extensometer readings stop while the stain gauge readings continue. This is due
to one of the reference points required by the extensometer has deflected out of frame, resulting in the
extensometer failing to record further results.
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Figure D.1 - Comparison of strain gauge readings to extensometer readings
From these results, it can be seen that the strain recorded from all samples is not uniformly linear. All
samples reach consistent linearity, though the samples do not immediately start with linear strain increase.
This would be expected, as the test is set at a uniform elongation rate. The reason of this gradual increase
in strain is due to a phenomenon known as ”bedding down” (Nobles, 2020). “Wire rope may be looked
upon as a machine composed of a large number of moving parts” and as such needs to be “broken in”
(Nobles, 2020). A virgin wire rope contains strains which have not fully settled, and so though gradually
loading, enables to strands to settle in between the gaps of adjacent wires. This allows the individual
components of the wire slight adjustment, meaning they are not experiencing the full load being applied.
While the extensometer would measure a strain due to the reference points moving further apart, the true
strain is not yet being experienced due to the strands possessing the ability to move freely. When the wire
rope fully beds down, strain can be accurately measured.
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While this explains the gradual curve measured in the strain gauge, it does not fully explain the varying
levels of discrepancy between the extensometer and the strain gauges. To explain this, we must look at
the initial load applied to the samples shown in Figure D.2.

Figure D.2 - Initial load applied to each sample
Through comparing the results from Figures E.1 and E.2, it can be seen that there is a direct correlation.
The level of pretension in the cable is inversely proportional to the discrepancy between the strain gauge
and extensometer readings. A higher level of pretension within the cable will reduce the amount of bedding
required before accurate strain gauge readings can be obtained. Sample 3 can be seen to have a larger
pretension value than all other samples (Figure D.2), which has resulted in almost no difference in strain
readings (Figure D.1). Samples 2 and 6, each having approximately half the pretensile value of Sample
3, shows a very minor discrepancy between the extensometer and strain gauge readings. Samples 4 and
5, having the lowest pretension values, show the largest level of discrepancy between strain readings.
This shows that the discrepancy in strain readings is due to the level of initial pretension in the sample.
Unfortunately, there is no reliable manner in which to predict the pretensile load required to adequately
bed down the sample (ProRig, 2013).
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An estimation could be made as to the elongation due to pretensioning based on the results from Sample 4.
Figure 12 indicates an approximate zero-load reading initially for Sample 4, meaning that the sharp spike
registered in strain between time steps 0 and 25 would be due to initial pretensioning elongation while
the rope beds down. If this is so, then an elongation of 1.956mm should be expected before a consistent
measure of strain occurs. This result would need to be confirmed through further testing.
Knowing that there may exist a discrepancy in the readings due to the wire bedding down, a comparison
can be made between the strain gradients measured by the extensometer and the strain gauges. To
accomplish this a linear region of strain measurement is isolated for each sample. This will eliminate any
significant discrepancies, such as that at the beginning of Sample 4. These isolated regions are shown in
Table E.1.
Table D.1: Isolated linear regions for each sample
Sample

Linear Region

Linear Region

Extensometer

Strain Gauge

Lower Bound

Upper Bound

Gradient

Gradient
2.944×10−5

2

150

500

3.097×10−5

3

300

700

2.903×10−5

2.680×10−5
2.579×10−5

4

150

600

2.963×10−5

5

200

450

3.005×10−5

3.089×10−5

500

2.629×10−5

2.430×10−5

6

100

When these regions, while looking more linear, the offset difference is still what can be observed in Figure
D.1. As such, the extensometer data is vertically adjusted such that the initial extensometer data point at
the lower bound is identical to that of the strain gauge. This allows for an immediate visual comparison
of the two readings. These results can be seen in Figure D.3.
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Figure D.3 - Isolated linear regions with vertical extensometer data adjustment
Figure D.3 shows that if initial elongation due to bedding is ignored, then the readings measured by the
extensometer and strain gauge are very similar, indicating that even with an initial offset discrepancy, the
strain gauge can very accurately read internal material strain. The assumption can be made from this that
the strain gauge measurements are valid, and potential better than that of the extensometer readings. This
presumption is made as the extensometer reading will measure initial elongation due to bedding down as the
material experiencing strain. However, as the strands within the sample have limited freedom of motion
initially, any early elongation will not exert true strain on the material. This true strain is accurately
measured by the strain gauge but can be considered an inaccuracy in the extensometers measurement.
This will be the assumption made from this point forward, with strain gauges being considered a valid
method for measuring cable strain.
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Appendix E
Combining experimental and simulated results - Buckling
As seen in Section 9.5.1, the results of the computer simulation for Structure 2A are combined with the
data obtained for buckling of the strut. Due to the inability of modelling software to replicate the effects
of buckling, an experiment is undertaken, with results of testing being shown in Figure 7.15. While ideally
this data could be directly integrated with the simulation data, this is not possible, so it is represented
via a series of equations dependant on the degree of loading (i.e. experienced axial load). These series of
equations are indicated in Equation 7.3.
Using the simulation data, the axial load is obtained dependant on the level of overall compressive load. The
corresponding local axial displacement can be calculated for the struts using Equation 7.3. However, this
displacement is local, not global, meaning that it is is axial displacement dependant on the directionality
of the strut, and cannot be directly combined with the overall displacement determined through computer
simulation (yet). To determine how axial displacement will affect the overall height of the structure, the
equation determined by Burkhardt (2008) is used (Equation 9.1), though not all values are known.
The change in height (being calculated) is dependant on three factors. Strut length, LS , radius, r, and
angle of rotation, θ. It is assumed that for the calculation being conducted the strut length remains
constant (though it does buckle), and that the cable is also inextensible (due to its higher stiffness).
Though this is not necessarily true (i.e. we know from material testing that the cable does elongate), the
calculating deflection is simpler if this assumption is made.
With these assumptions being made, it is known that as the structure loads, the struts will buckle. This
buckling will result in the structure deforming, with the overall deformation profile being a rotation about
the centred of the tensegrity. The reason for this approach is that Equation 9.1 requires three variables
to calculate height, though only two of these values are known. Relating the strut buckling to angle
of rotation (and eventual locking), the final unknown variable can be determined for integrating height
change relative to strut buckling.
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One additional assumption made is that when critical buckling occurs, this will result in locking of the
structure. Using this assumption (and neglecting the thickness of the struts), locking must occur at a
point of 180◦ of rotation, where equilibrium occurs at 150◦ of rotation. Assuming that the rotation of
the structure is primarily related to the buckling of the struts, Equation may be used to determine the
rotation of the structure from any point up to critical buckling (where critical buckling is obtained from
experimental findings. If the axial deflection of the strut δS is divided by the deflection at critical buckling
δSC , then a ratio exists which can be used to approximate the angle of rotation at that point in time.
Multiplying this ratio by 30 (the total rotation available to the structure) and summing this with 150 (the
initial angle of rotation) allows for a determination of the angle of rotation for any point up until critical
buckling occurs (at which point, the structure is assumed to lock).
This process assumes that the buckling of struts does not have a measurable affect on the height of the
structure, though in reality it will. Buckling is assumed to only affect the angle of rotation, which in
part is correct, however not entirely. The combination of the buckling experimental data and simulated
modelling is by no means perfect, and may be improved upon. However, in this instance, the purpose of
completing this task was to inform the reader that incorporating additional data results in a more reliable
estimate.

240

Appendix F
Practical Examples
The conclusion of this thesis (Section 10.2) outlined that pretension is not always a necessary requirement
to improve tensegrity load bearing performance. This has only been found to be so when flexible cable
materials have been used within the structural form. It is unlikely that flexible cables would be used
within a practical tensegrity form if load bearing is required, meaning that optimising pretension is not
necessary. However, while optimising the pretension is a part of this thesis, it is not the only finding, with
others being of benefit to practical tensegrity designs.

Figure F.1 - Examples of practical tensegrity design - Akke (2017) and Desert Rose House (2018)
The computer model developed throughout the thesis has demonstrated that tensegrity load response can
be accurately simulated, with geometry also being accurately obtained through integration of a physics
engine. Coupling these outcomes with the design and construction procedures allows for the design and
construction of tensegrity objects capable of bearing load. While these loads will vary based on the
application of the object, it is realistic to assume that objects such as chairs or tables (like those seen in
Figure F.1) could be developed which integrate both the engineering and architectural aspects associated
with tensegrity. These findings could be utilised to assist with temporary load bearing structures required
on construction sites, however further work would be required before these could be safely implemented.
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Section 2.5 highlights some of the potential applications for tensegrity structures, being temporary (Tibert,
2002) or permanent (Sebestyen, 2003) structures, or even next-generation robotics (Kim et al, 2014). The
findings of this research assist in understanding how tensegrities react to applied or internal loading,
which (in turn) provides a greater understanding as to how tensegrities should be designed, bringing their
potential application in a daily setting ever closer.
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